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Abstract

ELECTRODEPOSITED SILICATE THIN FILMS
A Thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science in Chemistry at Virginia Commonwealth University.

By Debbie Campbell-Rance, M.S.

Virginia Commonwealth University, 2010

Major Director: Maryanne M. Collinson,
Professor, Department of Chemistry.

Sol-gel derived silica thin film synthesis has gained prominence because of the
mild processing conditions and widespread understanding of the chemistry of the process.
Traditionally, silicate films are prepared by spin- and dip-coating but these materials lack
the desired porosity for sensing, separations and catalysis applications. Electrochemical
deposition was proposed to improve the porosity of silicate films.
The main aims of this work were threefold. First we wanted to elucidate what
parameters influenced film formation during electrodeposition. Then we wanted to
xx

understand how these parameters affected the morphology of the materials prepared. These
films were characterized by profilometry, AFM, and SEM-EDX. Films electrodeposited
via cathodic potentials are particle-like, thicker and rougher than spin-coated films.
The final goal was to pattern a substrate with silica using photolithography, sol-gel
process and electrodeposition. Successful patterning was hindered by the deposition of
silica on glass, especially when the gap between ITO bands was smaller than the diffusion
layer thickness of the electroactive species.

xxi

CHAPTER 1 Introduction

1.1.

The Sol-Gel Process
The sol-gel process is a simple, yet versatile method for materials synthesis which

utilizes mild processing conditions such as ambient temperature and pressure resulting in
amorphous materials with high homogeneity and purity.1-3 It involves the transition from a
liquid (sol) to a solid (gel).1, 4 Sols are colloidal suspensions of solid particles in a liquid
and are typically prepared from metal alkoxide or inorganic metal salts, water, ethanol and
a catalyst.1,

5

Further processing of the sol enables the fabrication of materials with

different shapes and forms such as illustrated in Figure 1.1, 3 6
Monolith

Powder

Sol
Particles

Films/Coatings

Fibers

Xerogel

Figure 1: Diversity of sol-gel products (adapted from ref. 1).
1

The sol-gel scientists have control over the product derived from the process; if the
sol is allowed to sit in a container it will eventually form a gel, a porous three dimensional
network which spans the entire volume that was originally occupied by the sol.1, 7 If the
smallest dimension of the gel is greater or equal to 1000 µm, the silicate material is called
a monolith.1, 8 These gels are biphasic,1, 5 having both liquid and solid components and can
either collapse or retain its structure depending on the conditions of evaporation.1 If the
liquid is removed under natural evaporation or supercritical conditions, xerogels or
aerogels are produced respectively.9,

10

Fibers and coatings are sol-gel materials that are

fabricated from the sol prior to its gel point.1, 11 Fibers are drawn or spun from very viscous
sols prepared under acidic conditions,12 while thin films are formed when a sol is cast on a
substrate followed by rapid evaporation of the solvent.13 Uniform particles are formed by
spray-drying, precipitation, or emulsion techniques.1
As the shapes and morphologies of these materials differ, so does their physical
properties. The physical properties of these materials can be tailored by manipulating
process conditions such as concentration and types of precursors used.1 For example,
aerogels and powders have high specific surface areas, high porosities, low densities and
low dielectric constants;1,

9

while monoliths, fibers and thin films have better optical

properties than powders.1

2

1.2.

The Chemistry of the Sol-Gel Process
Traditional sol-gel synthesis involves the chemistry of silicon, aluminum and

transition metal alkoxide precursors to form amorphous metal oxides.1, 14 Silica is the most
extensively studied sol-gel material as metal alkoxides precursors (especially transition
metal alkoxides such as Ti or Zr) are very sensitive to hydrolysis and condensation while
alkoxides of silica are less reactive and require an acidic or basic catalyst to enhance the
rates of hydrolysis and condensation.14,

15

Figure 2 shows a simplistic view of sol-gel

processing using an alkoxysilane precursor to form silica.

Si(OR)4 + H2O

OH- / H+

Figure 2: Formation of inorganic silica network from silicon alkoxide precursor
This technique is not limited to the synthesis of materials from purely inorganic precursors
but has been extended to include organic-inorganic hybrid materials made by combining
organic and inorganic precursors.16-18 There are two classes of hybrid silica based
materials; class (I) materials are prepared by adding the dopant (enzymes, bacteria, dyes,
etc.) material to the starting sol whereas class (II) materials are prepared by cocondensation of silicon alkoxides [Si(OR)4] with one or more organosilanes [RʹSi(OR)3
(where Rʹ could be an alkyl group identical to R, a different alkyl group or a completely
3

different functionality).16-18 Figure 3 is an example of a class (I) hybrid silica-based
material where the organic and inorganic precursors are linked via weak interactions.
Figure 4 is an example of class (II) hybrid silica-based material in which the organic and
inorganic components are linked via strong covalent bonds. These hybrid materials are
attractive because they combine in a single solid both the properties of a rigid threedimensional network with the specific functionality of the organic component.18

Matrix
Dopant (enzymes, antibodies, proteins, etc)

Figure 3: Class (I) hybrid silica-based material.

Si(OR)4 + Rʹ-Si(OR)3

OH- / H+

R’= CnH2n+1 (n=1 to 4), CN, NH2, etc.

Figure 4: Class (II) hybrid silica-based material.
The fabrication of silica via the sol-gel process usually involves making a sol,
which contains an alkoxysilane and/or organoalkoxysilane precursor, water, alcohol and a
catalyst.1, 5 The silane precursor(s) in the presence of water and catalyst initially undergoes
4

hydrolysis and subsequent polycondensation reactions to form species with Si─O─Si
bonds.1,

19

Equations 1, 2 and 3 represent the generalized fundamental reactions that

characterize the sol-gel process (where R is an alkyl group).1, 14, 15, 19


Hydrolysis

≡Si─OR + H2O ↔ ≡Si─OH + ROH


Alcohol Condensation

≡Si─OR + ≡Si─OH ↔ ≡Si─O─Si≡ +ROH


(1)

(2)

Water Condensation

≡Si─OH + ≡Si─OH ↔ ≡Si─O─Si≡ + H2O

(3)

During the hydrolysis reaction, the alkoxysilane reacts with water and replaces the
alkoxide group (OR) with an hydroxyl group (OH) forming a silanol.1

The silanol

produced in equation (1) can react with an alkoxysilane or another silanol to eliminate
alcohol or water respectively, resulting in the formation of siloxane bonds (Si-O-Si).1, 5 It
has been determined that condensation reactions starts before hydrolysis reactions are
completed, resulting in a complex mix of silicate species.1 Tetramethoxysilane (TMOS)
and tetraethoxysilane (TEOS) are the most commonly used inorganic alkoxysilane
precursors, whereas the most commonly used organo-alkoxysilane precursor is
methyltrimethoxysilane (MTMOS).1, 5 Their structures are shown below in Figures 5a, b
and c.
5

(b)

(a)

(c)

Figure 5: Commonly used silane precursors. (a) TMOS (b) TEOS (c) MTMOS
Organic co-solvents, usually alcohols, are used to homogenize the sol preventing
phase separation during processing because silica precursors (non-aqueous) are immiscible
with water (aqueous).1,

5

Polar solvents are traditionally used to homogenize sols

containing tetrafunctional alkoxysilanes; however it is not a necessity to use alcohol in a
sol containing TMOS.1 The hydrolysis reaction at the water/TMOS interface is efficient,
producing alcohol which homogenizes the sol; in the case of TEOS it best to use an
organic co-solvent because the reaction is much slower and homogenization is not as easily
achieved.5 Less polar solvents are used with organoalkoxysilanes, even though MTMOS
is fully miscible in a H2O/ethanol solvent system. Some solvents like methoxyethanol and
ethoxyethanol exhibits amphiphilic character and as such are suitable for systems that
contain both polar and non-polar species.1 Hydrolysis and condensation rates are impacted
by the nature of the solvent; solvents that hydrogen bond to hydroxyl and hydronium ions
will retard the rates of these reaction. Solvents, like alcohols, can also promote
esterification and alcoholysis if used in excess.1
The rates of hydrolysis and condensation are influenced by steric factors and
inductive effects. The rates of hydrolysis of tetraalkoxysilanes and triorgano-alkoxysilanes
(R3Si-OR) in acidic media are significantly retarded by an increase in the alkyl chain
6

length or the degree of branching.1 The influence of inductive effects is best demonstrated
by organoalkoxysilanes with different degrees of alkyl substitutions. Hydrolysis rates are
increased under acidic conditions but are retarded under basic conditions as alkyl groups
are good electron donors.1, 20 Steric factors and inductive effects influence condensation
rates in a similar fashion to their effects on hydrolysis.
The addition of catalyst to the sol significantly increases the rates of hydrolysis and
condensation. The rates of hydrolysis and condensation are affected by both acidic and
basic catalysts. The most effective types of catalysts used are mineral acids (example: HCl,
HNO3, etc.) or ammonia (NH3). Other catalysts used are acetic acid, potassium hydroxide,
amines, and alkali metal fluorides.1, 20 Fluoride (F-) is an effective catalyst for hydrolysis; it
is a nucleophilic catalyst that attacks the electropositive silicon in the alkoxysilane
precursor forming a penta-coordinate intermediate that is more susceptible to nucleophilic
attack than its tetra-coordinate predecessor. It has been proposed that the catalytic effect of
F- is similar to that by hydroxide ions (OH-), involving the displacement of an alkoxide
group (OR-) via bimolecular nucleophilic substitution mechanism.1
The reactions of sol-gel chemistry occur via bimolecular nucleophilic substitution
reaction (SN2) mechanism involving penta-coordinate intermediates. Hydrolysis occurs
via nucleophilic attack of the oxygen in water on the silicon atom as observed by H 1 NMR
using isotopically labeled water with TEOS which produced only unlabelled alcohol both
in acidic and basic environments. This nucleophilic attack of the oxygen in water on the
silicon is facilitated by the presence of a catalyst.1
7

In acidic media, the catalyst protonates one of the alkoxide groups (OR) in a fast
first step; silicon becomes more electrophilic due to the loss of electron density making it
more susceptible to nucleophilic attack by water. A transition state formed through a
concerted mechanism is favored; i.e., the water molecule attacks the silicon from the
backside and gets a partial positive charge, simultaneously the positive charge of the
protonated alkoxide becomes diminished, making it a better leaving group. The silanol is
formed upon displacement of alcohol accompanied by inversion of the silicon tetrahedron
as seen in Figure 6.1

Figure 6: Reaction mechanism for acid catalyzed hydrolysis of silicon alkoxide (adapted
from ref. 1).
In a basic environment, water dissociates to produce nucleophilic OH- ions in a fast
first step. The hydroxyl anion then attacks the electropositive silicon atom. A transition
state formed through a concerted mechanism is favored in which OH- displaces ORfollowed by inversion of the silicon tetrahedron. Figure 7 shows the mechanism for
hydrolysis reaction in a basic medium.1

Figure 7: Reaction mechanism for base catalyzed hydrolysis of silicon alkoxide (adapted
from ref. 1).
8

Hydrolysis is also promoted by adding homogenizing agents such as alcohols,
dioxane or acetone to the sol.1,

19

They are especially beneficial when the sol contains

silanes with bulky alkoxy or organic ligands, which if added to water remains immiscible
and un-hydrolyzed. However, it is prudent to note that the addition of co-solvents may
promote the reverse reaction, esterification. Another factor that affects the rate of
hydrolysis is the water to precursor molar ratio, r. A high value of r promotes the
hydrolysis reaction.1
Formation of the Si-O-Si bond is achieved via water or alcohol condensation.1, 21
Like hydrolysis, condensation is either acid or base catalyzed and the initial step may
proceed via fast formation of a charged intermediate by reaction with the catalyst, followed
by the slow step where a neutral silicon species attacks the intermediate.1, 15 Figures 8 and
9 are simplistic representations of the mechanisms for acid and base catalyzed
condensation.

Figure 8: Mechanism for acid catalyzed condensation (adapted from ref. 1).

Figure 9: Mechanism for base catalyzed condensation (adapted from ref. 1).
9

Iler and Engelhardt and co-workers determined that the condensation reaction produces
multiple products through a series of polymerizations and de-polymerizations of
monomers and oligomers respectively, which are at equilibrium in the solution.1 The
sequence of condensation products are monomer, dimer, linear trimer, cyclic trimer, cyclic
tetramer and higher order rings.21 Condensation reactions are influenced by similar factors
that affect the rate of hydrolysis. Condensation reactions are more efficient when a catalyst
is used. A good way to measure the effect of the catalyst on condensation rate is to
determine the time required for gelation. The gel time is inversely proportional to
condensation rate.1

1.3.

Applications of Sol-gel Materials
Sol-gel materials are currently used in a wide range of applications, and their

utility is mostly dependent upon physical properties such as refractive index, pore size,
pore size distribution, surface area and the stability and polarity of their matrices.22,

23

Xerogels, aerogels and particles have been used in the area of catalysis as catalysts or for
the matrices upon which catalytic particles are loaded.22 For example, silica has been
investigated extensively as catalytic and bio-catalytic materials due to its porous nature, the
fact that it contains a large number of surface hydroxyl groups that can act as acid catalysts
and the ease with which the surface can be loaded with catalytically active sites through
impregnation with various metals.22

Other areas of applications of sol-gel materials
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include chemical, biochemical and humidity sensing; protective coatings; columns for
chromatographic separations and membranes for separation and filtration.4, 24, 25
Monoliths, sol-gel coated optical fibers and porous thin films have been used in
sensor applications as host matrices for analytes such as organic molecules, antibodies,
proteins, enzymes, bacteria and viruses with great success.23, 25-27 These analytes are easily
incorporated into inorganic or hybrid silica matrices by mixing them with the sol in a
common solvent.24 In this way, the organic or bio-organic component gets entrapped
during hydrolysis and condensation reactions. Additionally, organic components may be
introduced by impregnating them into the porous network.28 Success is due in part to the
mild processing conditions of the sol-gel method which enables retention of viability of the
recognition element, which is very important in chemical and biological sensing.27, 29 A
common problem encountered in the host/guest system is the leaching of the entrapped
material out of the sol-gel matrix.27, 30 This issue is not so much a problem for disposable
sensors, but could be for sensors used for continuous monitoring. The practicality of these
platforms depends upon the efficiency of the entrapment. The efficiency of the entrapment
is improved by covalently bonding the dopant molecule to the sol-gel matrix to prevent
leaching of the dopant molecule.30 In the case of silica, covalent bonding is facilitated with
the dopant molecule by residual OH groups on its surface or the use of silane precursors
with terminal organic functional groups such as amino (-NH2,) thiol (-SH) or cyano (-CN).
Leaching is also prevented by increasing the hydrophobicity of the sol-gel network. 30

11

Silica monoliths are attractive platforms for the development of optical chemical
sensors due to their inherent porosity and high optical properties. Furthermore, these
properties can be controlled during sol-gel processing so that pore diameters are on the
order of angstroms to nanometers and they have transparency spanning the UV-visible
spectrum. 31 An example of an optical chemical sensor is demonstrated in the work of Lev
and co-workers; the device consists of a silica monolith containing immobilized ophenanthroline. It was used to detect trace concentration (ppb) of divalent iron (Fe2+) in
polluted water. When the monolith was placed in a solution of Fe2+, the characteristic
orange-red complex developed within the monolith.32
A major concern with the use of monoliths as the platform for sensors is the
response time that is achieved and the problem of leaching of dopants from the sol-gel
matrix.31 This issue can be addressed by using sol-gel filled or end-coated optical fibers or
thin films;33 in these cases the material’s dimensions are lowered providing a shorter
analyte diffusion path length and a decrease in the leaching of dopant material from the
matrix due to being inherently less porous than its corresponding monolith. A number of
researchers have utilized sol-gel filled or end-coated

microfibers as platforms for

sensors.33
In 1994 Avnir and co-workers developed a reversible fluorescent pH sensor based
on metal coated micropipettes (10 µm) filled with a silica xerogel doped with pyranine, a
pH sensitive fluorophore. In this approach the probe molecule is entrapped at the tip of the
sensor without the use of polymerization or covalent immobilization procedures. Pyranine
12

is used as a fluorescent acid-base indicator in the range between pH 5 and pH 9 due to the
shift in its ground state spectrum. The response time of this sensor is on the order of
seconds and this is attributed to penetration of the excitation light relatively far into the tip.
The response time of the sensor was shown to improve by reducing the diameter of the tip
to 1 µm; in this case sub-second response time was observed.33
Sol-gel thin films play important roles in many technologies, including the
development of chemical sensors, due to their reduced dimensions which facilitates fast
response times of the analyte by the recognition element.33 MacCraith and co-workers
developed an oxygen sensor based on ruthenium fluorescence decay.26 In this study they
impregnated sol-gel dip-coated silica films with two ruthenium complexes, [Ru(bpy) 3] 2+,
where bpy is an abbreviation for 2, 2´-bipyridine, or [Ru (4, 7-Ph2Phen)3]2+ where Ph2Phen
is diphenyl-1,10-phenanthroline. For both of these complexes, ruthenium fluorescence was
quenched in the presence of oxygen with fast response times of a couple seconds.26
Sol-gel processed coatings have been extensively used in the automotive,34
battery,35,

36

and electronic industries28,

architecture.39

37

and also in the fields of medicine38 and

These coatings offer some advantages that are inherent to the sol-gel

process such as the ability to coat large non-uniform substrates using simple deposition
techniques and the ability to obtain homogeneous coatings as well as coatings with tailored
inhomogeneity. Furthermore, the process allows for the fabrication of composite coatings
such as inorganic-organic hybrid materials, which cannot be obtained by other methods.4
The sol-gel process has the capacity to fabricate coatings with properties to suit a diverse
13

range of applications; these include reflective coatings, anti-reflection coatings, passivation
coatings,

porous

coatings,

adhesion-promotion-

and

adhesion-resistance-coatings,

biocompatible coatings and anti-soiling coatings.4 A special example of the use of sol-gel
reflective coatings on fibrous insulation to reduce heat transport under high temperature
(1200˚C) was investigated by researchers at the National Aeronautics and Space
Administration (NASA).40 The fibrous insulation (96% Al2O3 / 4% SiO2) is one of the
components of the thermal protection system and it is sandwiched between two
honeycomb shaped panels. The heat transfer in the launch vehicle increases gradually as
the temperature increases and as a result there is a need for heat protection under high
temperature conditions. The investigations revealed that the infrared reflectance increased
when the insulation fibers are coated with eleven alternating layers of silica and titanium
dioxide (SiO2/TiO2), and that further heat protection could be obtained when TiO2 was
substituted with palladium-doped titanium dioxide (TiO2:Pd) or a combination of
alternating layers of SiO2/TiO2/TiO2:Pd.40
Schott Glass and Central Glass demonstrated that sol-gel coatings with reflectivity
in the visible spectrum were also useful in the automotive industry.4 Schott Glass has been
producing the “Blue Mirror” of automotive rear view door mirrors which has contributed
to the safety of drivers by reducing the glare in the light of a succession of vehicles at
night. A reflective coating is applied to both sides of the glass substrate via the dip-coating
method and the resulting reflective layer is composed of triple coating films of
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TiO2/SiO2/TiO2.41 Central Glass developed a composite reflective coating which when
applied to the surface of windshields served as automotive display systems.42, 43
Antireflective coatings have been used extensively in numerous optical
technologies such as solar thermal and photovoltaic systems to reduce reflective losses at
the air/substrate interface and in devices such as flat panel display to reduce transmission
losses. One commonly used approach for incorporating antireflectance is to use coatings
with adjustable refractive indices on the substrate. Materials that are widely used for
antireflectance coatings are silica, titania and alumina with porous silica being the best
material as a result of its tunable refractive index properties. The extent of reflection
reduction achieved by these coatings depends on refractive index of the material and how
closely it approaches the square root of the refraction index of the substrate. If the
substrate used is glass (refractive index of 1.52), then the coating should have an index of
1.23, but silica has an index of refraction of 1.45. This simply means that zero percent
reflectance is not achieved with a single coating but is better achieved with two or more
layers at one or two wavelengths.44
Films and coatings for corrosion, oxidation and passivation protection are
fabricated for chemical protection of metals, glass and plastic substrates.45 Metals such as
copper, iron, aluminum and magnesium and their alloys play significant roles in the
modern world

ranging from structural, transportation, electronic and cultural

applications.46 While these metals are useful due to attributes such as stiffness and
strength, they are susceptible to corrosion.45
15

Corrosion of metals is caused by their

exposure to acid and moisture near room temperature.47,

48

A common way to resist

corrosion, while retaining the desired physical properties of metals is to apply protective
films or coatings on their surfaces. Sol-gel protective coatings are well poised to replace
coatings used traditionally for corrosion resistance because they are made using “green”
technology and there is no need to use harmful metals such as chromium and lead as
corrosion inhibitors in these coatings.46 Sol-gel coatings of SiO2, TiO2, ZrO2 (zirconia),
Al2O3 and CeO2 (ceria) display good chemical stability and have been demonstrated to
provide effective protection for metal substrates.45, 46 Coatings of SiO2, ZrO2 and Al2O3
have been applied to stainless steel plates to improve oxidation and acid corrosion
resistance under different temperature conditions.45

Another specific commercial

application where sol-gel coatings are used as protection against corrosion and
maintenance of aesthetic appeal is in the production of household appliances and kitchen
utensils made of copper.49 Usually, the inner surfaces of these appliances are coated with
teflon and their outer surfaces coated with several kinds of coatings such as ceramic
enamels to protect consumers from wet corrosion and prevent contamination with
poisonous oxides. Even though these coatings are used, copper utensils lose its usual
yellow-red color when exposed to heat. The main advantages to be gained from using solgel processed coatings on these utensils are the use of low processing temperatures;
obtaining a finished product with a homogeneous and constant thickness and the retention
of the metallic look and color of the copper surface.49, 50
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Sol-gel derived coatings consisting of silica and transition metal oxides are
bioactive, that is they can bond directly to living bones. This characteristic is due to their
ability to promote the deposition of hydroxyapatite (HPA) from natural or simulated body
fluids.38 For example, sol-gel silica and titania induces HPA deposition from metastable
calcium phosphate solution (simulated body fluid) under physiological conditions.51 Thin
bioactive layers are of importance in bone and medical device implants, the cultivation of
artificial organs and tissue engineering as they can accelerate or slow down the rates of
biological and biochemical processes.38, 52 In addition to this, sol-gel coatings have low
toxicity and inhibit microbial attack while allowing the growth of native, immune and
phagocytic cells.52
Sol-gel materials, especially monoliths and to a lesser extent particles, have
contributed significantly to the development of stationary phases used in commercial
chromatographic columns.24 Prior to the mid 1900s, silica-based supports were commonly
used in normal and reversed phase liquid chromatography.53 The internal surfaces of glass
or fused-silica columns were derivatized with chlorosilanes and alkoxysilanes. Even
though these supports had many advantages, there were several problems with the silicabased supports, chiefly the strong adsorption sites on the silica support.54, 55 The first solgel derived chromatographic column was demonstrated by Guo and Colon.56 Since that
time there has been numerous advances in the application of sol-gel chemistry in
chromatographic separations.24 Galarneau et al. demonstrated the use of ordered
mesoporous particles and monolithic silica in high performance liquid chromatography
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(HPLC), obtaining the best results with spherical particles.57 A number of researchers have
reported particle-based columns having ends sealed by a frit to prevent packing materials
from exiting the column.58 These frits are made from tetraethoxysilane (TEOS) and many
other precursors. Monolithic (continuous bed columns) columns do not require a frit to
keep the stationary phase in place and they have greater porosity, higher surface area and
permeability than the packed columns. A range of silanes, both alkoxysilanes and organoalkoxy silanes have been used to prepare monolithic columns and functionalization is
introduced into the monoliths when derivatized silanes are used as precursors.59 The
advantages gained from surface modification of the monolith are reduction of unfavorable
adsorption, control of electro-osmotic flow, improvement of separation and addition of
selectivity.60 The need to improve the porosity of the monolith is important for the
creation of better columns; in such pursuits researchers have created supports with
multimodal porosity.59, 61, 62 These supports have the ideal combination of macro-, mesoand micro-porosity, surfaces areas and thickness and are called hierarchical supports. They
are fabricated by the sol-gel process; hydrolyzing alkoxysilane with limited amounts of
water in the presence of acid and polyethylene glycol.63
Even though the process is so versatile and despite all the advantages, sol-gel
derived materials are not without limitations. The process can be time consuming
especially where careful aging and drying stages are necessary. The precursors can be
costly and sensitive to environmental conditions (relative humidity), limiting mass
production and storage. During the aging and drying process, significant amounts of
18

shrinkage and stress cracking occur.1, 4 These significant limitations must be overcome or
minimized in order to fully take advantage of the appealing attributes of sol-gel derived
materials.

1.4.

Sol-Gel Thin Film Formation

The intense interest in sol-gel processing is due to the increased understanding of the
underlying scientific principles, the mild processing conditions and the ability to control
the composition and microstructure at the molecular level.13,
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In addition to the

aforementioned attributes, the process is such that prior to gelation the sol is ideal for
preparing thin films. Sol-gel derived silica thin films are attractive materials because they
provide a route by which scientists can lower the material dimensions and as a result
incorporate and exploit new properties that may not exist in the bulk material. These
materials can be tailored to exhibit improved chemical, physical and optical properties
which make their exploitation in separations, electrocatalysis, chemical devices, chemical
and biological sensing very appealing.18
Traditionally, sol-gel silica films are made via spin-coating, dip-coating or spraycoating.1, 24 Spin-coating occurs in four different stages; deposition, spin-up, spin-off and
evaporation.13 Prior to the deposition stage the substrate to be coated is placed on the
vacuum chuck of the spin coater. During deposition an excess amount of sol is distributed
over the surface of the substrate (glass, silicon wafer, glassy carbon, etc.), which flows
radially outward when the spin-coater is set at a suitable rotation rate and time. This stage
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(spin-up) is driven by centrifugal forces. In the spin-off stage, the excess sol flows to the
edges of the substrate and departs as droplets. During this stage, thinning of the film starts
and continues into the evaporation stage.13, 64 Figure 10 gives a simple representation of
the spin-coating technique. The chief advantage of using spin-coating for film deposition is
the uniformity of the films obtained, which is as a result of the balance between the
outward centrifugal forces and the inward viscous forces.13

Spin Coater

Spreading of Sol by
Centrifugal Force

Dispensing Sol

Silica Thin Film

Figure 10: Spin coating technique (adapted from ref. 66)
The batch dip-coating technique illustrated in Figure 11 is divided into five stages
namely, immersion, start-up, deposition, drainage, and evaporation.13 As in the case of solgel spin-coating process where the solvent (alcohol) used is volatile, evaporation occurs
simultaneously with the start-up, deposition and drainage steps. The immersed substrate is
withdrawn vertically from the bath at a constant speed or in some cases the sol is slowly
pumped from the bath.65 Slow vertical withdrawal of the substrate from the bath causes a
thin layer of liquid to be carried along forming a boundary layer with the substrate which
splits in two above the liquid bath surface. The film thickness is governed by several
20

forces, the principal ones being viscous drag upwards on the liquid by the moving substrate
and the force of gravity.13, 65

Immersion

Start-up

Deposition
& Drainage

Drainage

Solvent
Evaporation

Figure 11: Steps in batch dip-coating technique (adapted from ref. 64).
Spray-coating or aerosol-gel techniques for sol-gel film deposition are based on
polymerization of an aerosol on a substrate.66,

67

The aerosol is obtained via ultrasonic

pulverization of a sol, which is transported by a carrier gas (N2) to the substrate to be
coated. Under optimal experimental conditions homogeneous and transparent films are
obtained, which is not likely by conventional pneumatic spraying. Pneumatic spraying
results in large droplet size distribution, whereas ultrasonic pulverization leads to a narrow
droplet size distribution which is controlled by the ultrasonic excitation frequency.68
Unlike dip-and spin-coating, which are batch processes; the aerosol-gel method is a
continuous-in-time deposition procedure that exerts flexible control over film thickness.
Film thickness is controlled by varying the concentration of the sol, the ultrasonic
excitation power, the carrier gas flow rate or the deposition time. Spray coating is very
useful for large area applications of flat and non-flat substrates; it is also applicable to three
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dimensional surfaces and has the potential for high throughput production.66,

69

This

technique is limited by the fact that it requires precise temperature control (~20˚C) and the
transport of aerosol must be such that there is no solvent evaporation and sol-gel reaction
before it reaches the substrate.70 71
Even though traditional methods exist for sol-gel thin films, the development of
new techniques for their synthesis is a key focus of current materials research. Films
synthesized by the traditional techniques exhibit low porosity compared to monoliths,
which impedes optimal performance in devices developed for sensing, electrocatalysis and
separations.1, 13, 18 Other important limitations are lack of selectivity over location of film
deposition (film is deposited everywhere unless a special mask is applied) and deposition
on flat surfaces only (spin- and dip-coating).18 In an effort to address this issue, scientists
have introduced some new methods for synthesizing more porous silica films; these
include electrophoretic and electrochemical deposition.18, 72
Electrochemical deposition addresses the limitations mentioned above; it has
advantages of selective deposition, the ability to coat surfaces with complex geometries
and provides a way to improve the porosity of the materials thus synthesized by tuning the
applied voltages.18, 70 Electrochemical deposition is the process of producing a coating on a
conducting surface by the action of an electric current. Electrochemical deposition of solgel films is not achieved in the same manner as metallic films; they are not deposited
through electron transfer processes (i.e., through reduction of their aqueous ions) but rather
via acid-base reactions which causes local pH changes in the vicinity of the working
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electrode.18 Traditional electrolytic synthesis can be classified based on the method of
deposition. Cathodic deposition is the result of applying negative potentials leading to the
reduction of metal ion or reduction of water or oxygen. Common reactions exemplifying
cathodic deposition are given below in equations 4 and 5, each reaction electro-generating
a strong base.70
H2O (l) + e- → ½ H2 (g) + OH-(aq)

(4)

M+ (aq) + nOH-(aq) → M(OH) n (s)

(5)

In 1999 Shacham and coworkers pioneered a novel approach for electrochemically
preparing silica from silane precursors.73 They used the two step sol-gel approach to
prepare a sol containing MTMOS, where hydrolysis by acid was followed by
polycondensation at a higher pH. Typically, the base would be added to the sol at a later
time but in this case, the sol was placed in a three-electrode electrochemical cell where
sufficiently negative voltage was applied to working electrode to generate OH- ions at the
solution/electrode interface. Cyclic voltammetry and chronoamperometry were utilized to
trace the electron transfer process and follow the deposition of materials on the working
electrode surface respectively. Equations 6 and 7 illustrate simple reactions in which OHions are formed at the interface. The electrogenerated OH- ions at the interface act as
catalyst for the polycondensation reactions, resulting in gelation of the sol on the electrode
surface but not in the bulk solution. They later extended this technique to form films of
titania and zirconia, the application of silicate films for corrosion protection of aluminum
and nano-composite films of silica/Cu.74-78
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2H2O(l) + 2e- → 2OH- (aq) + H2 (g)

(6)

2H2O (l) + O2 (g) + 4e- → 4OH-(aq)

(7)

This new technique also attracted the interest of other researchers, and shortly after the
initial publication other interesting works were published. In 2003, Collinson et al. used
electrochemical deposition to fabricate silica thin films from sols containing TMOS and
Ludox colloidal silica via the one step sol-gel approach.79,

80

In the first approach, they

prepared a sol from TMOS, potassium chloride (supporting electrolyte) and ethanol, then
electrochemical deposition of silica on conducting surfaces (glassy carbon, tin-doped
indium oxide (ITO), antimony doped tin oxide (ATO), platinum and gold) was carried out
via chronoamperometry in a three-electrode electrochemical cell. Negative potentials in the
range -0.7 to -1.1 V were applied to the working electrodes for a period of 30 minutes
during which the negative potentials caused the reduction of oxygen and/or water to
hydroxyl ions. The hydroxyl ions produced enhanced the rates of the sol-gel reactions
causing silica to deposit on the electrode surfaces.79 In another paper, Collinson and coworkers formed porous films from Ludox colloidal silica (sol containing particles: 7 nm,
12 nm, and 22 nm).80 In this study electrodeposition was carried out by applying positive
potentials in the range +0.8 to +1.2 V vs. silver chloride coated silver wire (Ag/AgCl)
reference electrode in the presence of hydrogen peroxide (H2O2) or 1.6 V in its absence. A
subsequent paper was published in 2008, where thin films were fabricated from TMOS,
TEOS and an array of organoalkoxysilanes. In this paper the influence of the supporting
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electrolyte on film formation was determined. An important point to note here is that silica
thin films were deposited using positive potentials resulting in the electro-generation of H+
ions at the electrode surface which act as the catalyst for the condensation reaction. Simple
electron transfer reactions in which H+ ions are electrogenerated are shown below:18, 70
2H2O → O2 + 4H+ + 4e-

(8)

H2O2 → O2 + 2H+ +2e-

(9)

Walcarius et al. have also made significant contributions to the electrodeposion of solgel derived silicate films.81-85 They have extended the electrodeposition approach to
include the preparation of functionalized silica films using self-assembled monolayer
(SAM) technology to initially form a molecular glue on gold electrodes. The molecular
glue, a thiol or amine containing silane, facilitates adhesion of the electrodeposited silicate
films to the electrode surface. They also showed the application of these films as sensors
for the detection of copper (II) and mercury (II).81, 82
Zhang and co-workers86 developed a novel sol-gel imprinted film on a piezoelectric
quartz crystal Au-electrode for sensing of cytidine by utilizing the self-assembly and
electrodeposition technique developed by Walcarius and co-workers.84 They used a sol
containing 3-(aminopropyl)trimethoxysilane (APTMS) as the silane precursor and
incorporated 1,6-hexanedithiol and gold nanoparticles during sol preparation to prevent the
electrodeposited silica film from flaking off the gold electrode.86
Hu et al. electrodeposited three different silica films on aluminum alloy AA-2024-T3
in order to study the influence of applied potential and structure of silane precursor on the
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corrosion performance of the films.87 The three silane precursors used in this study were
MTMOS, vinyltrimethoxysilane (VTMOS) and dodecyltrimethoxysilane (DTMOS). The
results obtained from the study were compared to dip-coated films used for the same
purpose. Results show that films that are electrodeposited are more suitable for corrosion
protection. 87
Silica films prepared electrochemically have been characterized via atomic force
microscopy (AFM),75, 77, 79, 80, 83 electrochemical probe techniques,79, 80, 82-84, 86 transmission
electron microscopy (TEM),84 piezoelectric quartz crystal impedance,83, 84, 86 surface area
and pore size analysis,79 contact angle measurements,75 profilometry,75,

79, 80, 88

x-ray

photoelectron spectroscopy(XPS),89 and scanning electron microscopy-energy dispersive
x-ray spectroscopy (SEM-EDX).73, 75, 77, 82, 83
AFM and SEM analyses provide information on the surface roughness and morphology
of the films. AFM has been applied to dry films and for in-situ characterization to
investigate how the film grows during the course of gelation. AFM analyses of the dried
films (ex situ) prepared by cathodic deposition and from sol containing colloidal particles
(Ludox) by anodic deposition indicated that the films are rough and the degree of
roughness depends on the applied potential and the duration of the deposition time.79, 80, 83
In situ characterization highlighted the particulate nature of the electrogenerated hydroxyl
ion catalyzed gelation process. Initially, the particles are closely packed (thinner deposits)
and later the particles aggregated giving rise to less compact and rougher films.83 When the
AFM images of the electrodeposited films were compared to spin-coated ones prepared
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from base and acid catalyzed sols, it was seen that electrodeposited silica films were
rougher that their spin-coated counterparts.13, 65, 79, 80 This difference is believed to arise
from the way in which the films are prepared; during spin-coating gelation and evaporation
occurs simultaneously while the processes are separated for electrodeposited films.65, 79, 80
In addition to providing information on the surface morphology of the films, SEM
(cross sectional images) gives information on film uniformity (thickness). Walcarius and
co-workers determined the variation in thickness of films deposited on ITO by SEM after
vertical cleaving.84 The films had uniform thickness with less than 15% variation observed
over several microns. SEM-EDX spectroscopy can be used to give information about the
composition of the films. Sheffer and co-workers determined the atomic composition in
silica films prepared for corrosion protection.75 They found that the atomic percent of
elements were present in ratios that indicated completely hydrolyzed and polymerized solgel films.75
The permeability of the films to redox probes was studied by cyclic voltammetry. In
one study Collinson and co-workers determined that negatively charged base-catalyzed
films gave limited access to negatively charged probes but gave full access to neutral and
positively charged probes.79 In another study Walcarius and co-workers showed that
[Ru(NH3)6]3+ gave a diminished electrochemical response at Au-electrodes coated with
thiol-functionalized silica films deposited at -1.2 V for increasing time intervals.83 As the
deposition time increases, the amount of electrodeposited functionalized-silica increases,
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blocking the path of the probe to the electrode surface, resulting in a reduction of peak
current and a progressive shift from peak-shaped to wave shaped cyclic voltammograms.83
Film thicknesses were measured using profilometry; the film thicknesses were shown
to depend on the nature of the electrode material, potential and deposition time.73, 79, 88
Film thicknesses increased with potential and time but increasing potential exerts more
influence. Electrodes are known to have varying potential windows, so the magnitude of
the applied potential during electrodeposition dicates more strongly if silica will be
deposited or if the electrode surface will be destroyed as in the case of ITO. 73, 79
Compared to the traditional methods of preparing silicate films, the electrochemical
method presents many exciting benefits. One limitation of films prepared via traditional
sol-gel methods is low porosity; it is believed that the electrochemical method will
partially address this limitation.

Collinson et al. produced porous films via

electrodeposition by tuning the applied voltages and starting with a sol that contained large
particles.79, 80, 88 Walcarius et al. made mesoporous films electrochemically in concert with
SAM technology and by adding cetyltriammonium bromide (CTAB) to the sol.81-84 In
addition to making thin films with greater pore densities, they were also able to orient the
pores perpendicularly to the surface, in this fashion providing better channels to the
substrate on which the film is deposited. This ability to orient the pores should result in
better performance of a chemical or biological sensor utilizing this assembly.84 While
deposition of silica via spin- and dip-coating is limited to flat surfaces without selectivity,
electrodeposition occurs on any shaped surface and the material is selectively deposited.18,
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73

This advantage makes the way clear for the patterning of surfaces with different

materials and for the production of materials with variations

in their physical

and

chemical properties.73, 79-81

1.5.

Research Conducted

The work presented in this thesis is motivated by the need to fabricate sol-gel derived
silicate thin films with properties that enhance their performance in areas such as
separations, catalysis, chemical- and bio-sensing. There is a need for thin films with greater
porosities and specific surface areas especially in applications where mass transport is
important. Over the past decade electrochemical deposition has been promoted as a
technique for preparing sol-gel silicate thin films with improved surface properties due to
the ability to tune the applied voltages.
In this work efforts were made to expand the scope of the electrochemical approach
as well as to understand how process parameters affect the formation and morphology of
silicate films. The research goals were to:


Determine the effect of the supporting electrolyte on film formation



Determine the influence of the electrogenerated catalyst on film morphology



Pattern ITO/glass substrate with silica via lithography, sol-gel process and
chronoamperometry.

The projects to be discussed herein involve the electrodeposition of silicate films on
glassy carbon and ITO working electrodes from sols containing alkoxysilane or organo29

alkoxysilane precursors. To determine what factors influence film formation several
process parameters including the effect of the supporting electrolyte were examined. The
films prepared where characterized by AFM, SEM-EDX and profilometry to determine the
surface morphology, the elemental composition and thickness of the films respectively.
The results of these experiments will be presented and discussed in Chapter 3.
The project to be discussed in Chapter 4 is aimed at selectively patterning an ITO/glass
substrate with silica via electrochemical deposition as this approach is of immediate
relevance to thin film fields such as electronics and optoelectronics. ITO coated glass
substrates were initially patterned via photolithography and wet chemical etching. The
patterned substrate with alternating areas of ITO and glass served as working electrode for
the electrodeposition of silica using the sol-gel process and chronoamperometry. The
challenges to successfully pattern the ITO/glass substrate with silica using sol-gel
processing and chronoamperometry are presented here.
The future outlook of this work will be discussed in Chapter 5 where an approach to
successfully pattern ITO/glass substrate with silica will be proposed.
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CHAPTER 2 Overview of Techniques used to Prepare and Characterize
Silicate Thin Films
This chapter provides background information for the electrochemical and surface
characterization techniques used in this work. In addition to this, a brief introduction is
also given on photolithography, a tool used in the fabrication of patterned ITO electrodes.
The goal is to provide readers with a basic idea how the electrochemical and surface
characterization techniques work and to show how photolithography can be used in
conjunction with wet chemical etching to pattern surfaces with alternating insulator and
conductive parts.

2.1.

Electrochemistry

Electrochemistry is the branch of chemistry concerned with redox reactions that take place
in a solution at the electrolyte/electrode interface. Ions, atoms or molecules present in the
electrolyte solution that participate in redox reactions are called the electroactive species.
When a suitable potential is applied to the system, the electroactive species undergo
electron transfer processes, losing or gaining electrons.90 The field of electrochemistry
includes a wide range of different phenomena but the areas of interest in this study will be
limited to electrochemical deposition via chronoamperometry and tracing the redox
reactions using the technique of cyclic voltammetry.
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2.2.

Electrodes and Electrochemical Cells
An electrode is an electronic conductor through which an electric current is passed,

which makes contact with an electrolyte solution, the ionic part of the electrical circuit.90
Figure 12 gives an illustration of two different configurations of three-electrode
electrochemical cells used in the studies presented in this thesis. The three electrodes
completing the circuit are called working, counter (auxiliary) and reference.
b

a

Figure 12: Three-electrode electrochemical cells. (a) Working electrode sealed in a glass
column and vertically submerged in solution (b) Working electrode is mounted at the
bottom of the electrochemical cell.
The working electrode is the surface where the reaction of interest occurs and it is
usually made of an inert conductive metal (gold, platinum or mercury), an inert nonmetallic conductor (glassy carbon or highly ordered pyrolytic graphite) or an optically
transparent conductive material (ITO, ATO, or boron doped diamond). The reference
electrode has a stable potential and is responsible for maintaining the potential of the
working electrode. The reference electrode used for practical applications is the silver
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chloride coated silver electrode (Ag/AgCl), and this will be the reference electrode used in
this work. A typical Ag/AgCl electrode has a silver chloride coated silver wire enclosed in
a capillary containing saturated or 1 M KCl with a frit providing connection to the rest of
the circuit. However in the experiments conducted herein, this reference electrode was not
used because the frit becomes clogged after a couple uses in a silica sol. Instead a silver
chloride coated silver wire quasi-reference electrode was used which has a standard
potential of ~0.222 V vs. NHE (normal hydrogen electrode) when in 1 M KCl.88
Depending on the supporting electrolyte solution used, the potential of this reference
electrode could vary by as much as 0.100 V.88, 91 The current in the cell is passed between
the working and auxiliary electrodes. Thus, the potential at the auxiliary electrode is the
opposite of the potential at the working electrode. The auxiliary electrode is usually
isolated from the working electrode using a frit or placed at least 2 cm away to minimize
its interference with reactions taking place at the working electrode. Auxiliary electrodes
are often fabricated from electrochemically inert materials such as platinum, gold and
graphite.90

2.3

Electrochemical Techniques

A brief overview of cyclic voltammetry and chronoamperometry are presented. Cyclic
voltammetry is the tool used to trace the path of redox reactions occurring at the working
electrode while chronoamperometry is used for film deposition.
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2.3.1 Cyclic Voltammetry
Cyclic voltammetry (CV) falls under a category of electrochemical techniques
known as potential sweep methods.90 These techniques are characterized by a linear
relationship between potential and time at a given scan rate. The simplest of these
techniques is linear sweep voltammetry (LSV) which involves sweeping the working
electrode potential between two potential limits, E1 and E2 at a set scan rate, ν, before
ending the potential sweep. CV is a reversal technique, where the initial scan is the same as
LSV but on reaching E2 the sweep is reversed instead.90, 92, 93 The waveforms for LSV and
CV are given in Figures 13a and b.
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Figure 13: (a) Waveform for LSV and (b) Waveform for cyclic voltammetry
A CV is obtained by measuring the current at the working electrode during the
potential scan. Figure 14 shows the CV for the reduction of oxygen at a glassy carbon
(GC) electrode in a sol containing TMOS, absolute ethanol and KCl. The CV starts at an
initial potential, 0 V, a potential where no electron transfer reaction occurs and the current
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increases as the potential is scanned in the negative direction with a maximum or peak
potential at ~-0.9 V. The current increases because oxygen is reduced forming hydroxyl
ions; after which the current decreases and the reverse scan begins and the potential
eventually ends where it had initially started.

Potential (mV)
Figure 14: CV at GC electrode in a sol containing TMOS and KCl. Scan rate is 100 mV/s.

2.3.2. Single Potential Step Chronoamperometry
Chronoamperometry is a potential step technique in which current is measured as a
function of time.90,

94

Single potential step chronoamperometry involves stepping the

potential of the working electrode from an initial value, E1, where no Faradaic process
occurs to a potential, E2, where electron transfer occurs.90,

93

Figure 15 shows the

waveform for single potential step chronoamperometry. A chronoamperometric
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experiment is easier to interpret when the experiment is carried out at a planar electrode
and the mode of mass transport is diffusion only. This is achieved when potential step is
applied to a planar electrode in an unstirred solution containing an electroactive species
and an excess of supporting electrolyte.90, 93

Potential
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E2

E1

(-)

0
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Figure 15: Waveform for single potential step chronoamperometry
Consider a single compartment three-electrode electrochemical cell in which the
only electroactive species present is Ox (oxidant). When the potential of the working
electrode is stepped from E1 to E2, Ox at the solution/electrode interface becomes reduced
to Red according to equation 10.

If the potential at E2 is sufficiently negative, the

concentration of Ox at the electrode surface will immediately become depleted and the
concentration of Red will increase. This electrochemical depletion of Ox in solution next
to the electrode surface causes a net diffusion of Ox from the bulk of the solution into the
depletion zone.
Ox + ne- → Red
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(10)

This depletion of Ox and accumulation of Red at the electrode surface as a function of time
is represented graphically as concentration-distance profiles. The extent of this depletion
zone is called the diffusion layer thickness, δ, and is typically calculated from equation 11,
where D is the diffusion coefficient of the electroactive species and t the time taken for Ox
and Red to diffuse a particular distance from the electrode surface. 93, 95
δ = 2 (D t) ½

(11)

2.3.3. Electrochemical Approach for Silica Film Deposition
Electrodeposition is the process of producing a coating on a conducting surface via
the action of an electric current. Traditionally, the technique is used in the deposition of a
metal from a solution of its metal salt via the application of cathodic potentials.96 The
electrodeposition of sol-gel-derived silica films are not achieved in the same manner as
metallic films; they are not obtained by direct electro-reduction of their aqueous ions but
rather via acid-base reactions that cause local pH changes in the vicinity of the working
electrode that induces the condensation of silica precursors and subsequent gelation
there.73, 77, 79, 97-100
The preparation of silica thin films via electrodeposition involves the immersion of
a conducting surface in a sol to which a suitable cathodic or anodic potential is applied.
The sol contains a supporting electrolyte, water, co-solvent and silane precursor. The silane
precursor may be prehydrolyzed by adding HCl to the sol (two step sol-gel approach) or it
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may contain an un-hydrolyzed precursor (single step sol-gel process).73,

79

81

Electrodeposition is carried out in a three-electrode electrochemical cell via amperometry,
but other electrochemical techniques may be used such as CV (repeated cycling) and pulse
techniques. During electrodeposition, the sol may be quiescent or stirred (rotating disk
electrode).73, 80, 82
The application of a suitable cathodic or anodic potential to the working electrode
will increase or decrease pH at the electrode surface due to electron transfer reactions
occurring there. The localized change in pH induces condensation and silica is deposited
on the working electrode surface. At the end of the electrodeposition process the working
electrode is immediately removed from the sol, rinse with de-ionized water and stored in a
desiccator overnight.

2.4.

Surface Characterization Techniques
Thin films can be characterized by a number of techniques. Measurement and

surface characterization techniques employed in the study of silica films are stylus-based
profilometry, atomic force microscopy (AFM) and scanning electron microscopy in
combination with energy dispersive x-ray spectroscopy (SEM-EDX). Stylus-based
profilometry was used to measure film thickness; AFM and SEM were used to determine
surface morphology and SEM-EDX spectroscopy used to determine the elemental
composition of the films.
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2.4.1. Stylus-Based Profilometry
Contact or stylus-based profilometry is a simple and powerful tool for measuring
film thickness and estimating surface textures (roughness and waviness). The instrument is
easy to use and a brief description is given regarding the operation of the KLA-Tencor
Alpha-Step surface profiler (Figure 16) in thickness measurements. It consist of
measurement stage with a rotary table upon which the sample is mounted. This rotary table
is moved forward and backward by a Y stage control knob and from left to right by the X
stage control knob. Positioned directly above the stage is the scanner which contains the
stylus and this is protected by the scanner assembly cover. The instrument is interfaced
with a computer and equipped with a camera that enables the user to see the stylus as it
contacts and scans over the surface. The stylus is made from diamond with cone angle
between 45 or 60˚ and radius ranging from 20 nm to 25 µm. The radius of the standard
stylus used in film thickness measurements is 5 µm.101 The stylus force typically range
from 0.1 to 50 mg with values between 3.0 to 6.0 mg for silica thin films. In a typical
thickness measurement, the stylus is released from its protective housing and move
vertically downward until it contacts the sample, and then it scans the surface in a straight
line for a specified distance with a specified contact force. A linear relationship exists
between the vertical displacements of the stylus and the heights of the surface; this yields
the measured surface profile.
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Scan measurement window
X and Y-stage
control knob

Scanner assembly cover which
protects the scanner and stylus
Measurement stage

Figure 16: Photograph of the KLA-Tencor Alpha-Step surface profiler used for measuring
film thickness.
A typical profilometer can measure small vertical features ranging from 10 nm to 1
mm and is able to cover large scan lengths as much as 10 mm. The parameters in the
measurement of a surface profile are scan length, scan speed, scan rate, sampling rate and
resolution. The resolution of the scan will depend on the scan speed and sampling rate.
When measuring the thickness of silica films, the scan length is typically 500 - 3000 µm,
the scan rate is 20 - 50 µm/s, and the scan time varies depending on the scan length and
scan rate. Medium range contact speeds are suitable for analyzing silica films while the
resolution depends upon the scan and sampling rates.
The accuracy of stylus measurements is affected by the geometry of the stylus.
Sometimes the stylus may penetrate or scratch the film causing the step height to be less
than it really is; this is a problem with very soft films. Substrate roughness and vibration of
the equipment are other factors that affect the accuracy of measurements. To minimize the
vibration effect the instrument is mounted on a marble base which provides proper shock
mounting and rigid support.
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2.4.2. Atomic Force Microscopy
Atomic force microscopy (AFM) is a powerful topographic characterization tool
for surfaces at the micro- and nano-level.102 Figure 17 shows a block diagram of the
necessary components required for extraction of topography from surfaces. The AFM
consists of a rectangular or triangular cantilever with a very sharp tip inserted at its free
end. Silicon and silicon nitride are the materials of choice for making both the cantilever
and tip. The rectangular silicon cantilevers have spring constant between 0.1 Nm-1 to 40
Nm-1 while the triangular silicon nitride cantilevers have spring constants between 0.01
Nm-1 to 0.58 Nm-1. The tip interacts with the surface through a range of interactions such
as van der Waals, electrical, capillary, magnetic, electrostatic, elastic, and solvation
forces.102 These forces between tip and surface results in the deflection of the cantilever
and the most common systems for measuring this deflection are laser reflection,
interferometric and piezoresistive methods.102, 103
Photo-detector
Laser

1

2

3

4

Signal Processing

Tip/Cantilever

+

∑
Scanner

-

Set-point

Error Signal

Voltage for Piezo
Feedback Calculation
Figure 16: Major components of an AFM (adapted from ref. 101).
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The AFM utilized in studying the morphology of the silicate films used the laser
reflection method which is comprised of a laser diode and a position sensitive photodiode.
This method involves focusing a laser beam on a four quadrant photodetector via reflection
off the cantilever. The extent of deflection of the cantilever is obtained by the differences
in signal from different parts of the photodetector.103-105 The cantilever is mounted on a
piezoelectric tube scanner which is responsible for bringing the tip in contact with the
surface and for the movement of the tip relative to the sample or sample relative to the tip.
The cylindrical scanner is comprised of three separate portions labeled X, Y and Z that
causes the tube to move in different directions.106 The other major components making up
the AFM comprises what is known as the feedback loop which is responsible for
regulating tip-sample distance. An error signal is generated by comparing the signals
produced by the signal processing circuit to the setpoint. The error signal has different
meanings depending on the mode of AFM operation. In contact mode, the error signal is
the cantilever deflection, where as in tapping mode the signal is the amplitude of the
cantilever oscillation. The error signal is the input of the feedback calculation and the
results obtained are amplified and fed to the scanner which controls the tip sample
distance.102, 106
The computer and software interfaced with the AFM are key components of the
instrument that were not shown in the block diagram above.102,

107

The AFM software

enables visualization of the data collected as the tip interacts with the surface. An example
of this is the image collected during normal AFM operation; where differences in the
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height of a surface are indicated by a color scale which may be adjusted to emphasize the
features of interest. Other features of the AFM software include the ability to control the
scan rate and resolution of the image acquired. The resolution is controlled by selecting the
number of data points and the number of lines in each frame. Finally the software allows
manipulation of images from two to three dimensional and for making calculations.102
The AFM is operated in three primary modes depending on the nature of the tipsurface interactions and the environment in which the topography is obtained. Topography
can be obtained in contact, noncontact or tapping (intermittent) modes. AFM experiments
are conducted mostly in air and liquid (tapping and contact) and sometimes under vacuum
(contact and noncontact). 102, 108
In contact mode AFM the tip is dragged across the surface and the cantilever does
not vibrate during imaging (static mode). The interactions between the tip and surface are
repulsive in nature and the operating range of forces exerted by the tip on the surface is
between 10-7 to 10-6 N.107 Contact mode AFM is not the best mode of operation for soft
surfaces because the force with which the tip contacts the sample is too much and will lead
to damage of the surface.109 When this is the case the other modes of AFM operation
should be considered.
Noncontact and tapping mode AFM are vibrating cantilever techniques in which
the cantilever oscillates at or around its resonant frequency.107 In noncontact mode AFM
the tip does not physically contact the surface instead the cantilever oscillates 5-10 nm
from the surface. The interaction between tip and surface are attractive Van der Waal
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forces which is about 10-12 N. This mode is ideal for imaging soft surfaces as the tip is not
in contact with the surface.109
Tapping mode AFM is the mode of operation that is in between the contact and the
noncontact modes. In this mode the tip intermittently contacts the surface and the rest of
the time the tip and surface are disengaged. As the surface is scanned the cantilever
oscillates at different amplitudes as it comes across height variations on the surface.102, 107
Tip-surface interactions are impeded by capillary forces (thin layer of water adsorbed on
the surface) when tapping mode AFM is performed in air.107 Tapping mode AFM is very
unique in the sense that phase images are produced alongside the topographic images. This
capability is as a result of the changes in the frequency of oscillation which causes a shift
in the phase signal between the drive frequency and the frequency with which the
cantilever is oscillating. The phase image gives no quantitative information but is very
useful

qualitatively;

differences

in

topographical

features

are

normally more

distinguishable in phase images.110 Tapping mode is less destructive to soft surface than
contact mode AFM.111 Tapping mode AFM was used to characterize the morphology of
electrodeposited silicate films; surface roughness was calculated from the topographical
images obtained using the AFM software. This data will be presented and discussed in
Chapter 3.
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2.4.3. Surface Profilometry vs. Atomic Force Microscopy
Conceptually, AFM resembles surface profilometry in the sense that both
techniques use a probe to measure the topography of a surface. However, samples
characterized by AFM reveal surface features at the nano- or atomic-scale a result of the
superior resolution capabilities of the instrument. Due to the sharper tip and smaller
loading force, the lateral resolution in AFM is extremely improved in comparison with the
conventional profilometer.112 Surface measurements in AFM are conducted using tips with
radius < 10 nm while in surface profilometry the tip radius is in the range 0.2-50 µm. In
surface profilometry the lateral resolution is limited by the size of the tip; since the tips
used in AFM are much smaller than those used in surface profilometry, the lateral
resolution is vastly improved. In the case of AFM the maximum lateral resolution is 10 Å
where as in surface profilometry the maximum lateral resolution is 3000 Å.113, 114 AFM
also has superior vertical resolution compared to the surface profilometer; the maximum
vertical resolution in AFM is 1 Å while in the surface profilometer this value is 100 Å.101
A wide range of sample types are imaged by AFM and surface profilometry, these
include conducting, semiconducting and insulator materials.115 However the images
obtained by AFM can be two or three-dimensional (2D or 3D) while those by surface
profilometry are normally 2D.116 Another distinct difference between the AFM and the
surface profilometer is the cost per instrument. Surface profilometers range in price from
~ $4,000-40,000 while the AFM may cost in the hundreds of thousands of dollars.117
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Despite these differences it is useful to have both instruments since larger samples may be
analyzed at shorter scan times with the surface profilometer.

2.4.4. Scanning Electron Microscopy-Energy Dispersive Spectroscopy
The motivation for using scanning electron microscopy (SEM) in materials science
is twofold; for characterizing the morphology of surfaces in the micro- and submicronrange and for elemental analysis when used in conjunction with an energy dispersive
spectrometer.118

119

The main components of the SEM are the lens system, the electron

gun, the electron collector, the cathode ray tube for visual and photo recording and the
related electronics consoles. Topographic image acquisition is dependent on the signal
from the interaction between electron beam and sample. An electron beam from the
electron gun is focused to a small spot and raster-scanned across the sample’s surface.120,
121

The impact of the electron on the sample generates a variety of signals; those that

provide the most pertinent information are the secondary electrons, the backscattered
electrons and x-rays. Secondary electrons are the most commonly used signals in SEM and
these electrons are emitted from the atoms occupying the outmost layer of the surface.
These secondary electrons have low energy (3-5 eV) and as a consequence give only
topographic information within a few nanometers of the surface.118
The detection of backscattered electrons is another useful method of generating an
SEM image. Backscattered electrons are primary electron beams which are reflected from
atoms in the sample with energy of around 50 eV. Images acquired via detection of
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backscattered electrons will show contrast as determined by the atomic number of the
elements in the sample. The lateral resolution of a sample generated via backscattering
electrons is inferior compared to images via secondary electrons. However this signal
provides information on features much deeper beneath the surface.118
Interaction of the primary electron beam with atoms in the sample cause shell
transitions which results in emission of x-rays. This emitted x-ray has similar energy as the
parent element and detection and measurement of this energy permits elemental or
chemical composition analysis by energy dispersive x-ray spectroscopy (EDX). EDX
provides both qualitative and quantitative analysis of chemical (elemental) composition
with sampling depth of 1 to 2 microns.118
Suitable samples for SEM include solids which are stable under vacuum such as
metals, ceramics, polymers, and minerals. Samples are typically less than 2 cm in
diameter, and non-conducting samples are coated with a thin metallic layer (e.g., gold).
Samples are coated and introduced into the vacuum chamber. Digital images are acquired
with an electron microscope image scanner. The magnification produced via SEM is in the
range of 10 - 200,000x; this magnification is the ratio between the dimensions of the image
displayed and the field scanned on the sample. The spatial resolution of the instrument
depends on the model and the size of the electron spot which is in turn dependent on the
wavelength of the electrons and the electron-optical system which produces the scanning
beam. The resolution is limited by the extent to which the material interacts with the
electron beam and is reasonably estimated to be in the range 20-50 nm and 1-5 nm for
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high resolution imaging.122, 123SEM-EDX was used to characterize the morphology and to
determine the elemental composition of electrodeposited silicate films. It was further used
to explain the noisy nature of scans obtained via profilometry of cathodically deposited
silicate films.

2.5.

Photolithography
Photolithography is a process which uses ultraviolet (UV) radiation (360 to 410

nm) to transfer geometric shapes or patterns on a mask unto the surfaces of solid materials
coated with a photosensitive resist.124, 125 This technique dates back to the 19th century but
became popular with the advent of the integrated circuit (IC) industry.125 The steps
involved in the photolithographic process are substrate cleaning and preparation,
photoresist application, soft baking, hard baking, mask alignment and exposure, and
development. In order to engrave the latent pattern transferred onto the substrate, the
photolithographic process is followed by wet chemical etching or dry etching.124, 125
In the first step of the photolithographic process the substrate is chemically cleaned
to remove particulate matter as well as any trace impurities (organic, ionic or metallic).
Depending on the substrate, chemical cleaning may be accompanied by ultrasonic or
plasma cleaning. Substrates like silicon wafers require a barrier material to facilitate
adhesion of the photoresist to the surface, in such a case; a silicon dioxide layer is
deposited on the surface after cleaning. Other substrates do not have this requirement and
are dehydrated in an oven or coated with hexamethyldisilazane (HMDS) to remove any
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moisture present on the surface prior to resist coating.126 After cleaning and dehydrating
the substrate, the photoresist is spun on the surface. Figure 18 depicts the process of
coating the substrate with the photoresist. High speed centrifugal forces are responsible for
spreading the resist evenly over the substrate and the resulting resist film thickness is a
function of spin speed, spin time and viscosity of the photoresist.125 The spinning process
is critical to effective pattern transfer since the quality of the resist coating determines the
density of defects transferred to the patterned surface. To minimize defect transfer, the
photoresist-coated substrate must be pin-hole and particle free. The quantity of photoresist
added to the substrate is also important as too much results in a build-up of photoresist on
the edges of the substrate and too little resist may leave areas of the substrate uncovered.125

Spin-coater

Spin-coating at 2000 rpm
for 25 seconds

Dispensing a controlled
amount of photoresist

Substrate coated
with resist

Figure 18: Spin coating photoresist on substrate (adapted from ref. 66).
Only 15% of the solvent is left in the resist after spin coating, and this is removed
during soft baking at 75-100˚C for 10 minutes. Soft baking is critical to photo imaging as
the resist coating becomes sensitive only after this step. Over- and under-soft baking is a
problem as the former degrades the photosensitivity of the resist by reducing its solubility
in the developer or via destruction of a portion of the sensitizer while the latter will prevent
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light from reaching the sensitizer.125 In some processes soft baking is followed by hard
baking while in others it is the final step of the photolithographic process. The same
temperature is used as in soft baking but the resist covered coating is baked for up to one
hour. In this step the photoresist hardens becoming more glass-like and the adhesion
between the resist and substrate improves. Improved hardness increases the resistance of
the photoresist to the subsequent wet chemical etching treatment.125
Two main categories of photoresists are in commercial use, positive and negative
resists. They are composed of three major components: a polymer, a sensitizer and a
casting solvent. The polymer and the sensitizer are sensitive to UV radiation while the
solvent is not directly related to photoactivity of the resist. Figure 19 shows the remaining
steps in the photolithographic process when a positive or negative photoresist is used. If a
resist-coated substrate is exposed to UV radiation and the exposed resist is more soluble in
the developer, a positive tone photoresist is in use. The photochemical reaction during
exposure weakens the polymer by cutting of the main and side polymer chains.
Alternatively, if upon exposure a resist-coated substrate becomes more soluble to
developer in the unexposed regions of the pattern; a negative photoresist is in use. In the
exposed regions of the pattern, the reaction strengthens the polymer by random crosslinking of the main and side chains, making it less soluble in the developer.
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Figure 19: Photolithographic process showing the use of positive and negative resists.
The photolithographic process is utilized in this work to prepare substrates with
alternating conductive and insulator regions. The conductive areas are bands of ITO with
dimensions relative to the geometry of the mask used in pattern transfer. These conducting
bands of ITO are used as electrodes facilitating the patterning of a surface with silica via
electrochemical deposition. A UV spot cure mercury arc lamp with exposure wavelength
355-455 nm is used to irradiate the resist-coated sample through the photomask. Light with
the proper intensity and direction reaches the substrate if proper alignment is maintained
between the mask, sample and light source. The underlying resist image formed during
exposure is developed in a 2% KOH solution and rinsed in copious amounts of de-ionized
water to prevent further development. A positive photoresist is used, hence the exposed
areas of the photoresist-covered substrate is soluble in the developer leaving behind the
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unexposed areas. Proper development is important to the quality of the pattern engraved
into the substrate and over- and under-developing must be avoided. If patterns are overdeveloped, edges of the pattern will not be sharp while underdeveloped pattern results in
incomplete removal of photoresist, as depicted in Figures 20a and b, respectively.

Figures 20: (a) Over-developed pattern and (b) Under-developed pattern

The final steps in the process are wet chemical etching of the ITO and acetone
removal of photoresists that are in the unexposed areas of the mask. The etchant to remove
the ITO is composed of 39:54:7.2 mL volumetric ratios of deionized water / concentrated
HCl / concentrated HNO3. The purpose of this step is to etch away the ITO in areas where
the photoresist had dissolved from the previous step. Care should be taken at this stage too
since over-etching could erode the underlying ITO layer. Immediately after etching the
substrates are rinsed in three different containers with de-ionized water and neutralized in a
0.2 M K2SO4 solution for ~ 5 minutes. Acetone and ethanol or a mixture of the two is used
to remove the remaining photoresist that was resistant to the developer. The substrate is
further agitated in ethanol, rinsed in copious amounts of de-ionized water and dried under a
stream of nitrogen or air.
A variety of inspection tools exist for checking defects in photolithographic derived
patterns; the inspection tool used here is the stylus profilometer. Defects include pinholes,
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disconnects, edges that are not sharp (jagged due to over etching) and line widths that
deviated significantly from dimensions of the mask from which the pattern was made.
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Chapter 3 Electrodeposited
Characterization
3.1.

Silicate

Films:

Synthesis

and

Introduction
This chapter highlights the synthesis and characterization of silicate films electro

deposited on electrode surfaces from sols containing alkoxysilanes or organoalkoxysilanes
and suitable supporting electrolytes. The results presented in this chapter will focus on
silica films electrodeposited on GC and ITO surfaces via the application of cathodic
potentials as films deposited by anodic potentials were problematic. The specific aims of
this study are to highlight the significant role played by the supporting electrolyte in
silicate film formation and the influence of the electrogenerated catalyst on film
morphology.
Typically all electrochemical experiments employ what is known as a solventsupporting electrolyte system and the electrochemical experiments carried out in this
chapter are no exception. In this study the solvent-supporting electrolyte system consisted
of water, ethanol and supporting electrolyte (alkali metal salts, ammonium chloride, and
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mineral acids). Usually the solvent-supporting electrolyte system is selected so that it does
not react with the electroactive species and that it does not undergo chemical reactions with
the intermediates and products formed at the working electrode. This system should be
electrochemically inert.90, 93 Other desirable criteria of the system include high electrical
conductivity and good solvent power. High electrical conductivity ensures that the system
has low electrical resistivity and is able to support electron transport.93
In spite of the selection criteria stipulated above, some electrochemical reactions
are unavoidably affected by the nature of the solvent-supporting electrolyte system. This is
evidenced in the work of de la Torre and co-workers who investigated the sources of
proton in the electrochemical reduction of iodobenzene in dimethylformamide solution.127
de la Torre et al. were interested in the source of protons appearing in the product of this
electrochemical reaction and as a result they formulated a series of experiments in which
iodobenzene was reduced in dimethylformamide solution containing known amounts of
water and deuterated water; lithium chloride or tetraethlyammonium bromide served as
electrolytes in these experiments. The experimental results indicated that benzene was the
product but the yield depended on the source of protons that was available in the cell. The
reduction of iodobenzene yields the highly nucleophilic and basic phenyl anion which
attacks traces of water forming benzene. In the absence of water, the solvent and the
supporting electrolytes were the source of protons, but they were not as good as water
resulting in poor yields of benzene. The work presented in this chapter is another instance
in which the nature of the supporting electrolyte influences the product of electron transfer
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at the working electrode. In this context, the acidic/basic properties of the supporting
electrolyte could interfere with the products of the working electrode (OH-/H+) which are
required as catalysts for the hydrolysis and condensation of silica precursors.
The silicate films prepared by cathodic and anodic deposition were characterized
by AFM and surface profilometry to determine their surface roughness and film thickness
respectively. Surfaces with specific morphologies are important to many applications of
silica films ranging from chemical and biological sensing where high surface areas and
porosities are required, to biocompatible materials where minimal surface roughness is
required to reduce friction between the medical implant and the associated tissues.128
The surface morphology of sol-gel silicate materials are influenced by process
parameters such as sol composition, drying and aging duration, pH, the method of
synthesis and post treatment techniques (sintering).

18, 65, 129

Traditionally prepared sol-gel

derived films (spin- or dip-coating) can lack the optimal porosity desirable in sensor,
catalysis and separation applications because in these methods gelation and solvent
evaporation occur rapidly and simultaneously causing the collapse of pores.1, 65 Over the
past decade electrochemical deposition has been promoted as a technique for preparing solgel derived silicate films with increased porosity.73,

79

In this method gelation occurs

independently from evaporation and drying; this separation slows down the rate at which
syneresis occurs and consequently leads to materials that have greater porosity.80 The
porosity of the electrochemically deposited films will depend on a number of factors
including the magnitude of the applied potential,73,
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electrodeposition time,83 the

concentration of the silane precursor,79 the addition of pore causing agents such as CTAB,
the substrate upon which the film is electrodeposited,73, 79 and the nature of the catalyst
electrogenerated at the solution/electrode interface. Sibottier and co-workers have
investigated the affect of the applied potential and the duration of electrodeposition on the
morphology of hybrid films on thiol-modified gold electrodes.83
In this work, the influence of the electrogenerated catalyst (OH- or H+) on film
morphology was evaluated at GC and ITO electrodes by calculating surface roughness
(root mean square roughness) from 5 µm x 5 µm AFM images using the AFM software.
The results presented in this chapter are compiled in part from work published in
Analytical Chemistry.88

3.2.

Materials and Reagents, Instrumentation and Procedures

3.2.1. Materials
TMOS (99%) and TEOS (98%) were purchased from Acros while the
organoalkoxysilanes

(ethyltrimethoxysilane

{ETMOS,

97%},

MTMOS

(98%),

isobutyltrimethoxysilane {iBTMOS, 97%}, phenyltrimethoxysilane {PTMOS, 97%} and
3-(triethoxysilyl)-propionitrile {CNTEOS, 97%) were purchased from Aldrich. These
chemicals were used as precursors in silica deposition. Supporting electrolytes (KCl,
KNO3, etc.) used in the study were purchased from Fisher Scientific and anhydrous ethanol
was purchased from PHARMCO-AAPER. The working electrode was either a 5 mm
diameter GC electrode made by sealing a GC rod in a glass tube with epoxy, a 2 mm GC
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chip electrode made by sealing the GC in shrink wrap tubing, a 2 mm thick GC plate (1.5 x
1.5 cm, grade 22) purchased from SPI, or ITO (1.5 x 1.5 cm) purchased from Delta
Technologies. The GC working electrodes were polished to a mirror finish with 0.05 µm
alumina on a napless polishing cloth (Buehler) and then cleaned further in ultrapure
deionized water followed by ultrasonication for 10 minutes prior to use. The ITO
electrodes were cleaned via sonication in 2-propanol for 15 minutes followed by sonication
in de-ionized water and successive rinsing in copious amounts of de-ionized water. The
other two electrodes completing the circuit were a 1 mm diameter Ag/AgCl (homemade)
and 2 mm diameter graphite rod (Ted Pella) which served as reference and auxiliary
electrodes respectively.

3.2.2. Instrumentation
All reagents and sols were made with water purified by a Millipore water
purification system. Electrochemical experiments were carried out in a single chamber
three-electrode electrochemical cell where the working electrode was either vertically
submerged in solution or was mounted at the bottom of the electrochemical cell and sealed
in place by rubber gaskets, an o-ring and four screws. Silica films were deposited via CV
and chronoamperometry using either a Bioanalytical Systems (BAS: CV50 or CV100) or a
CH Instruments potentiostat. Film thickness and surface roughness were measured with a
Tencor Alpha-Step 500 or KLA Tencor Alpha-Step IQ surface profilometer and tapping
mode AFM using a Digital Instruments Nanoscope (III) at a scan rate of 0.4 Hz
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respectively. The AFM tips (Nanoscience Instrument) had resonance frequency of ~ 300
KHz.

3.2.3. Procedures
Electrochemical experiments were carried out in single chamber three-electrode
electrochemical cells. In the study to determine the importance of the supporting
electrolyte on film morphology, the electrochemical cell shown in Figure 21 was used.
This cell was made from an 11 mL glass vial fitted with a plastic cap containing holes into
which the different electrodes were placed. These holes were such that the electrodes fit
snugly, leaving little or no room for the evaporation of the components of the sol. Here the
sols were prepared by using 0.2 mL of the organosilanes or alkoxysilanes listed in section
3.2.1., 3.0 mL deionized H2O, 1.0 mL anhydrous ethanol and 4.0 mL of 0.2 M supporting
electrolyte.
Working Electrode
(GC)
Cap
Auxiliary Electrode
(Graphite Rod)
Reference Electrode
(Ag/AgCl)
Sol
Figure 21: Three electrode electrochemical cell in which the working electrode is vertically
submerged in solution.

59

Prior to electrodeposition the sol was covered with parafilm and stirred for 30
minutes to ensure homogenization. Subsequently, the parafilm was replaced with the cap
with holes for the placement of the different electrodes as shown in Figure 21. The
working and reference electrodes were placed very close to each other to minimize Ohmic
drop thus maintaining a constant potential in the cell. Interference by the products formed
at the auxiliary electrode was minimized or prevented by placing the auxiliary electrode
about 2 cm away from the surface of the working electrode. The electrochemical cell was
connected to the BAS (CV50 or CV100) potentiostat and potentials in the range -0.7 V to 1.5 V or 1.7 V to 2.3 V were applied to the working electrode (area of electrode is ~0.20
cm2 ) with respect to a silver chloride coated silver wire in an unstirred solution for a
period of 30 minutes. Immediately after electrodeposition the working electrode was
removed from the cell, rinsed with deionized water and dried overnight in a dessicator. The
pH of the sol was measured prior to electrodeposition with short range pH paper.
In the study to determine the influence of the electrogenerated catalyst on film
morphology, the three electrode electrochemical cell shown in Figure 22 was used to carry
out electrochemical experiments. The working electrode was either a 1.5 cm x 1.5 cm GC
flat plate or ITO-coated glass. The placement of the electrodes in this cell is such that the
tip of the reference electrode was positioned directly above the working electrode, ~ 2 mm
away, to minimize Ohmic drop. The placement of the auxiliary electrode with respect to
the working electrode is the same as described in Figure 21, ~2 cm away from the working
electrode.
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Figure 22: Three electrode electrochemical cell in which the working electrode is secured in
place at the bottom of the cell.

The sol prepared for cathodic electrodeposition consisted of 50 µL TMOS, 2.0 mL
absolute ethanol and 2.0 mL of a 0.2 M KNO3 or KCl as the supporting electrolyte. The sol
was stirred for 10 minutes to ensure homogenization. In the case of anodic deposition, the
sol contained 0.2 mL TMOS, 3.0 mL deionized H2O, 1.0 mL absolute ethanol and 4.0 mL
of 0.2 M supporting electrolyte. During cathodic and anodic deposition potentials in the
range -0.9 V to -1.2 V and +1.8 V to 3.0 V were applied to the working electrode
(electrode area is 0.31 cm2) with respect to silver chloride coated silver wire in a quiescent
sol for a period of 20 or 30 minutes respectively. The working electrode was immediately
removed from the cell at the end of the electrodeposition period and rinsed with de-ionized
water and then dried under a stream of nitrogen. It was stored in a dessicator or humidity
chamber (30-40% RH) for 1-5 days prior to imaging. Spin-coated silicate films were
prepared from sols similar to those used in anodic and cathodic deposition except that 0.25
mL of 0.1 M HCl and 0.075 mL of 0.25 M NH3 (catalyst) were added to the respective
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sols after the 30 minutes stirring period. The base-catalyzed sol was spun on GC electrode
5 minutes prior to gelation and the acid-catalyzed sol was spun two days after its
preparation at 2800 rpm for 30 seconds. After the AFM studies were conducted, the
thicknesses of the films were measured.

3.2.3.1.

Silicate Film Thickness Measurements

A Tencor Alpha-Step 500 or a KLA Tencor Alpha-Step IQ stylus profilometer was
used to measure film thickness when the importance of the supporting electrolyte on film
formation and the influence of the electrogenerated catalyst on film morphology were
determined respectively. Prior to measuring the profile of the silica film, a notch was
scratched on the film as shown in Figure 23, exposing the electrode surface in this area.
The substrate was then mounted on the measurement stage. The substrate was placed
directly under the stylus by moving the measurement stage using the X and Y control
knobs. The stylus then contacts and scans the bare electrode surface across the notch in the
silica film. The profile resulting from the scan was then analyzed in the step height
analysis mode where the thickness of the film was determined by taking the average height
differences of features in the valley (electrode surface) from those at the peak (silica film)
by placing the right and left vertical bars at appropriate locations on the electrode surface
and silica films. The surface of the film was sampled in multiple areas, typically at the top,
middle, and bottom of the electrode.
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(a)

(b)

Film
Thickness

Figure 23: (a) Digital image of silica film with a notch scratched in the film and (b) A
cartoon of the profile across the notch

3.2.3.2.

Roughness Measurements

Tapping mode AFM was used to acquire 5 µm x 5 µm topographical images (top view)
from silica films using a scan rate of 0.4 Hz. The films were scanned in four different
locations, typically sampled at the top, middle and bottom of the film. The average root
mean square roughness (Rq) values were obtained from these topographical images using
the AFM software.

3.3.

Results and Discussion
The role of the supporting electrolyte on electrochemically deposited silica film

formation was investigated.88 The application of anodic and cathodic potentials resulted in
the electrogeneration of the catalyst (H+ and OH-) required for hydrolysis and
polycondensation reactions at the working electrode/solution interface as depicted in
Figure 24.18, 24, 70 The formation of the catalyst causes a local change in pH resulting in
localized gelation of silica on the electrode surface in the form of a thin film but not in the
bulk of solution. Electrolytes containing anions that interfered with the electrogenerated
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catalyst prevented film formation for both anodic and cathodic deposition. It was
determined that film formation was mostly dependent on the acidic or basic nature of the
supporting electrolyte and not so much on slight difference in overpotential or the duration
of the deposition process.88
2H2O + O2 + 4e -

4OH-

4H+ + 4e- + O2 (Eappl = +2.0 V)

2H2O

Si-(OCH3)4 + H2O

OH-/H+

≡Si-OH + ≡Si-OH
O

(Eappl = -1.2 V)

H2O
K+
Cl- or H2PO4-

≡Si-OH + CH3OH

H2O +

TMOS
O2
Neat Ethanol

Si

Figure 24: Molecular level picture in the electrochemical cell during electrodeposition. The
rectangle contains the chemical reactions occurring at the working electrode.
Surface characterization of the silicate films revealed that films formed as a result
of the electrogenerated base (OH-) are rougher and thicker than those formed as a result of
the electrogenerated acid (H+) as determined by AFM and stylus-based profilometry. These
results were compared to acid- and base-catalyzed spin-coated films; the results show that
electrogenerated base-catalyzed films are rougher and thicker than spin-coated ones.

3.3.1. Cathodic Electrodeposition
Cyclic voltammograms (CV) were obtained prior to the electrodeposition of silica
films. Figure 25 is a CV for the reduction of oxygen at GC electrodes. The arrow shows
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the direction in which the potential is scanned and the increasing current between -0.6 to 0.9 V represents the reduction of oxygen to hydroxide ions.

Potential (mV)
Figure 25: CV at GC electrode showing the reduction of oxygen or water to hydroxide ions in
a sol that contains TMOS and KCl. Scan rate is 100 mVs-1

Silicate

films

were

electrodeposited

at

the

electrode

surface

using

chronoamperometry. In this technique, the potential is stepped from 0 V where no Faradaic
processes occur to cathodic potentials in the range -0.7 V to -1.5 V. The potential is held at
this value for the duration of electrodeposition, typically 30 minutes. The application of
cathodic potentials results in a local increase in pH at the working electrode surface due to
the formation of OH- ions. The OH- ions result in condensation of the silanes at the
electrode surface and consequently the formation of colored silicate films.73 The color of
these thin films results from an optical interference effect and depends on the thickness and
refractive index of the films.130, 131 It was observed in silica thin film formation that brown,
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blue and purple films represent a progression from thin to thicker films.70 Figure 26 shows
two digital images representing colored silicate films that are electrochemically deposited
on GC electrodes formed at two different potentials. The panel with the brown film
represents films formed on glassy carbon electrode using applied potentials between -0.9 to
-1.1 V, while the panel with the blue film represents films formed using applied potential
of -1.2 to -1.5 V.

Figure 26: Colored silicate films formed via the application of -1.0 V and -1.3 V on glassy
carbon from a sol containing TMOS and KCl

The supporting electrolytes used in cathodic deposition are shown in Table 1.
Additional electrolytes studied but not included in the table are Na2CO3, K2HPO4 and
HNO3. Sols containing Na2CO3 became cloudy due to rapid and irreversible aggregation of
particles.132 In aqueous solution, Na2CO3 undergoes hydrolysis to form NaOH as described
in equation 13.
Na2CO3 + 2H2O → H2CO3 + 2NaOH

(13)

The hydroxyl ion is a known catalyst for the sol-gel reactions, in its presence the rate of
hydrolysis is very fast and particles in the sol aggregate, thereby allowing condensation
between neighboring silanol groups.1,

132

Sols containing K2HPO4 formed precipitates
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because this supporting electrolyte is highly insoluble in ethanol.133 Sols made with HNO3
resulted in significant bubble formation at the working electrode. The bubbles, a result of
H2 evolution, could interfere with film formation and as a consequence strong acids were
not used as supporting electrolytes when cathodic potentials were applied to the working
electrode.134 Equation 14 shows the reduction of protons from dissociated HNO3 to
hydrogen upon the application of adequate negative potentials.
2H+ + 2e- → H2

(14)

Table 1: Film Formation at Eapplied = -1.3 V for 30 Minutes
-1.3V
TMOS
MTMOS
ETMOS IBTMOS pH of Sol
KNO3

Brown

Very thin film

─

─

4

KCl

Brown

─

─

─

4

NH4Cl

Brown

─

─

─

4

NaBr

Brown

─

─

─

NaAc

─

─

─

─

NaClO4

Brown

─

─

─

KH2PO4

─

─

─

─

8

4

“─” indicates no film formation as observed visually

The results in Table 1 show that films are formed on GC surfaces when the sol
contained TMOS and neutral supporting electrolytes or NH4Cl, a slightly acidic
electrolyte. However, film formation was not observed for the organoalkoxysilanes
because these silane precursors hydrolyze slowly under the reaction conditions and the

67

precursors used for sol preparation were not prehydrolyzed. Hence their slow hydrolysis
rates could be a hindrance to film formation.1
Films formed from sols containing TMOS appear to strongly depend on the
supporting electrolyte used. If the supporting electrolyte was acidic, no film formation was
evident at the GC surface. For example, KH2PO4 is an acidic supporting electrolyte that
contains the anion H2PO4-; it is possible for H2PO4- to react with the electrogenerated
catalyst at the working electrode surface according to equation 15. This reaction has the
ability to impede the rates of hydrolysis and condensation occurring at the
electrode/solution interface. In the worst case scenario, the anion might react with all the
electrogenerated OH- leaving none to act as a catalyst.
OH- + H2PO4- → H2O + HPO42-

(15)

Film formation was evident at GC surface when the sol contained TMOS and neutral
supporting electrolytes such as KCl, KNO3 or NaClO4. These supporting electrolytes
contain anions that are weak conjugate bases which have no affinity for the
electrogenerated catalyst (OH-) hence film formation was observed for these supporting
electrolytes.
The observations in Table 1 indicate that the choice of supporting electrolyte,
specifically its acidic or basic nature in aqueous solution, is very important as to whether
or not a film is electrodeposited on GC. Another important factor that might have led to
film formation when sols contained KNO3 or NaClO4 is that NO3- and ClO4- can undergo
reduction to form hydroxyl ions according to equation 16-19. 135
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NO3- + 7H2O + 8e- → NH4+ + 10OH-

(16)

NO3 + H2O + 2e- → NO2- + 2OH-

(17)

ClO4- + H2O + 2e- → ClO3- + 2OH-

(18)

ClO4- + 4H2O + 8e- → Cl- + 8OH-

(19)

The presence of film formation in sols containing NH4Cl was unexpected because
the NH4+ is a weak acid which can potentially react with the electrogenerated base.
However the acidity of ammonium will be reduced when in a water/ethanol/silane solution
(relative to pure water) and thus appears to have little or no effect on film formation.
Absence of films from sols containing sodium acetate (NaAc) as supporting electrolyte
was another unexpected result since it is a basic salt. When the pH of the sol was checked
with short range pH paper, it was found that the bulk sol was ~8. Film formation may not
have occurred because the condensation rates of silanes decline as the pH increases beyond
this value.1 It is very plausible that the production of OH- at the electrode surface was
sufficient to cause the pH to increase to the extent where condensation is slow; hence no
film formation.
To confirm the observation that the nature of the supporting electrolyte was indeed
the most significant factor that influenced film formation in cathodic deposition, a number
of experiments were done. In one experiment, the magnitude of the applied potential was
increased from -1.3 V to -1.5 V and the electrodeposition time increased to 60 minutes to
evaluate if differences in applied potential and electrodeposition duration influenced film
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formation in sols containing KH2PO4. The results were the same as recorded in Table 1, no
film formation. The lack of film formation at higher potentials and longer deposition time
suggest that these parameters have less influence over film formation than the acid/base
property of the supporting electrolyte. Application of higher potentials to sols containing
KCl, KNO3, NaClO4, NH4Cl and NaBr resulted in thicker films. Another experiment
utilized a sol which contained a mixture of KNO3 and KH2PO4 as the supporting
electrolyte and TMOS as the silane precursor. No film formation was observed after
applying -1.3 V for 30 minutes. The presence of the anion, H2PO4-, was enough to prevent
film formation.

3.3.1.1.

Characterization of Silicate Films by AFM and Profilometry

AFM has evolved as one of the most powerful surface characterization techniques
because it is applicable to a wide range of materials (semiconductors, metals, and
insulators, biological and synthetic materials) and is capable of imaging materials with
atomic scale resolution. While the AFM is generally used for acquiring topographical
images, its use is also motivated by the desire to obtain quantitative information about the
microstructure, mechanical properties and chemistry of the material.103 Even though AFM
can be used to obtain information about the thickness of films, stylus-based profilometry is
a simpler and more accurate technique for measuring the thickness of films because larger
profiles of the sample can be measured in a shorter time. In this work, AFM and stylusbased profilometry were used to characterize the surface roughness and thickness
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respectively of silicate thin films electrodeposited on ITO and GC surfaces from sols
containing TMOS. Here a detailed study was conducted to evaluate what influence the
electrogenerated catalyst (OH- and H3O+), the applied potential, the supporting electrolyte
and the conducting surfaces have on film thickness and surface roughness of silicate films.
In one study, the influence of the supporting electrolyte on film thickness and
surface roughness of silicate films electrodeposited on GC electrodes from sols containing
KNO3 or KCl were determined. Surface roughness values were obtained from three
different silica films deposited under identical conditions at each respective potential (-0.9
V, -1.0 V and -1.1 V). Four different 5 µm x 5 µm AFM images were acquired from each
film by scanning in different locations. The data acquired per film were averaged and the
standard deviation found. The mean values obtained from the three films at each potential
were averaged and the propagation of error found from their standard deviations. Film
thickness values were obtained in the same fashion except that in this case only three scans
were taken per sample (top, middle and bottom).
In the study to determine the influence of the applied potential on film thickness
and surface roughness, silica films were electrodeposited on GC and ITO surfaces using
cathodic potentials (-0.9 V to -1.2 V) from sols containing TMOS and KCl for a period of
20 minutes. The thickness values obtained by profilometry at the different potentials are
shown in Table 2. The results in Table 2 show that film thickness depends on the
magnitude of the applied potential. The film thickness increases with increasing applied
potential, results consistent with works previously published by Collinson, Avnir and
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Walcarius and co-workers.73,

79, 83

The film thickness increases as the magnitude of the

applied potential increases because increasing amounts of OH- ions (catalyst) are produced
at the electrode surface resulting in the deposition of more silica there.

Table 2: The influence of Potential on Film Thickness at ITO and GC Surfaces from
Sols Containing KCl. Film Thickness values were obtained via stylus profilometry.
Eapplied, V

Conducting surface

Thickness, nm

-0.9

GC

188 ± 4

-0.9

ITO

132 ± 4

-1.0

GC

295 ± 5

-1.0

ITO

175 ± 5

-1.1

GC

346 ± 5

-1.1

ITO

287 ± 5

N=3, that is the number of areas scanned per sample.

The influence of applied potential on film morphology was evaluated from 5 µm x
5 µm AFM images of films formed on ITO and GC surfaces. Typical 5 µm x 5 µm AFM
surface plots are shown in Figure 27 and surface roughness values obtained from these
films are shown in Table 3. Films electrodeposited on ITO and GC electrodes exhibited
similar trend in surface roughness, i.e., surface roughness increases with an increase in
applied potential. The trend in surface roughness is as a result of the amount of OH- ions
(catalyst) formed at the surface electrode. As the magnitude of potential applied to the
working electrode became more negative, the concentration of catalyst electrogenerated
there increased.
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(a) ITO/KCl

(b) GCE/KCl
-0.9 V

-0.9 V

-1.0 V

-1.0 V

-1.1 V
-1.1 V
-1.2 V
Z-scale: 500 nm
Z-scale: 500 nm
Figure 27: 5 µm x 5 µm AFM images of silica films electrodeposited on ITO and GC
electrodes at potentials shown from sols containing TMOS and KCl.
Table 3: The Influence of Applied Potential on the Surface Roughness of Films
Electrodeposited on ITO and GC Surfaces from Sol Containing TMOS and KCl.
Eapplied, V

Conducting surface

Roughness, nm

-0.9

GC

61.9 ± 0.8

-0.9

ITO

35 ± 1

-1.0

GC

110 ± 2

-1.0

ITO

61 ± 1

-1.1

GC

167 ± 4

-1.1

ITO

86 ± 3
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The trend in surface roughness is as a result of the amount of OH- ions formed at
the electrode surface. As the magnitude of potential applied to the working electrode
became more negative, the concentration of catalyst (OH-) electrogenerated there
increased. Figure 28 (a, b, and c) shows that these films are characterized by particles
which increase in size as the applied potential became more negative. This is suggestive of
the particulate nature of base-catalyzed sols from which these films are electrodeposited.
This result is consistent with findings previously reported by Walcarius and co-workers.
They showed that the surface roughness of thiol-functionalized silica films depended on
the amount of catalyst electrogenerated at modified gold electrodes.83
a

c

b

Figure 28: 5 µm x 5 µm AFM images showing the particulate nature of base-catalyzed
(electrogenerated) films deposited at ITO electrodes from sols prepared from TMOS and
KCl. Applied Potentials are (a) - 0.9 V (b) -1.0 V and (c) -1.2 V respectively. Z-scale: 500
nm.
In the study to determine the influence of the supporting electrolyte on film
thickness and surface roughness, silica films were electrodeposited on GC electrodes using
cathodic potentials (-0.9 V to -1.1 V) from sols containing KCl or KNO3 and TMOS. The
data from profilometric and AFM analyses are recorded in Table 4. Since KNO3 and KCl
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are neutral electrolytes it could be logical to expect similar surface roughnesses and film
thicknesses. Films deposited from sols containing KCl are rougher and thicker than those
from sol containing KNO3. At first glance it would appear as if this difference is due to the
supporting electrolyte but upon closer evaluation of the conditions under which the films
are electrodeposited it became evident that the observed differences are due to variations in
the potential of the reference electrode in the respective supporting electrolyte.
Table 4: Cathodic Electrodeposition at Glassy Carbon Electrodes vs. Ag/AgCl
Reference.
Eapplied, V

Roughness, nm

Electrolyte

Thickness, nm

-0.9

16.8 ± 0.6

KNO3

121 ± 5

-0.9

61.9 ± 0.8

KCl

188 ± 4

-1.0

108 ± 3

KNO3

264 ± 4

-1.0

110.1 ± 2

KCl

295 ± 5

-1.1

133 ± 3

KNO3

289 ± 4

-1.1

167 ± 4

KCl

346 ± 5

For comparison the surface roughness of a bare GC electrode is 2.3 ± 0.1 nm the surface roughness of base
catalyzed spin coated film is 7.5 ± 1.2 nm. Areas scanned: roughness values N=4 and thickness values N=3.

In electrochemistry two types of reference electrodes are used, a standard reference
electrode or a quasi-reference electrode. Our experiment used a quasi-reference electrode
(AgCl/Ag) because in the electrodeposition of silica the porous frit in the standard
reference becomes clogged upon repeated use. A clogged frit will cause a large junction
potential at the interface that will ultimately affect the experimental results.79 However, the
quasi-reference does not maintain a constant potential in all conditions, its potential will
depend on pH, temperature or the type of supporting electrolyte. When this electrode is
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used in sols containing KCl, the potential of this electrode is poised, that is, its potential is
constant and will depend on Cl- concentration. In non-chloride containing electrolytes its
potential will vary from experiment to experiment. In the latter case, the high stability of
the reference electrode potential is compromised because it is now in a redox system that
does not have a constant (saturated) concentration of participants in the redox couple. The
reference potential could vary by as much as 200 mV, a difference of this magnitude in
reference electrode potential is sufficient to cause the disparity in film thickness and
surface roughness.
The influence of the conducting surfaces on film morphology was determined from
silica films deposited on ITO and GC electrodes from sols that contained TMOS and KCl.
The findings are shown in Figure 29, where the results indicate that silica films grown on
GC surfaces are rougher than those on ITO. The differences in surface roughness are not
due to differences in the roughness of the bare electrode surfaces as bare ITO and GC
electrodes have similar surface roughnesses, 2.3 ± 0.1 nm and 2.4 ± 0.1 nm for GCE and
ITO respectively. This difference is likely attributed to the larger overpotential required by
ITO for reduction of water or oxygen to form hydroxyl ions; hence the electrogenerated
OH- forms faster at GC surface producing more silica there. The data analyzed show that
thicker films give greater surface roughness and this agrees well with data published by
Collinson et al. and Walcarius and coworkers.80, 83
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Figure 29: Surface roughness vs. applied potential. Comparison of surface roughness
obtained from GC and ITO surfaces in sols containing KCl and TMOS. The error bars
contain a replicate of three samples, each sample were scanned in four different locations.

3.3.2. Anodic Electrodeposition
The ability to prepare silicate films via the application of anodic potentials is
possibly the major vehicle through which the scope of the electrochemical approach may
be expanded. To date, the bulk of the research regarding electrodeposited silicate thin films
involves the application of cathodic potentials to electrogenerate the hydrolysis and
condensation catalyst (OH-) at conducting surfaces (GC, ATO, ITO and gold).73, 75, 77, 79, 81,
83, 84

To the best of my knowledge, Collinson and co-workers are the only researchers who

have published work on silicate films prepared via the application of anodic potentials. In
2003 Collinson and co-workers used anodic potentials (0.8 to 2.0 V) to electrodeposit
silica on conducting surfaces from a sol that contained large discrete particles ( 7-22 nm)
i.e., Ludox colloidal silica.80 The application of a sufficiently positive potential to the
working electrode immersed in a sol results in oxidation of an electroactive species at the
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electrode/solution interface. In this context, the oxygen in water was oxidized and the
hydronium ions (H3O+) produced caused a reduction in the pH of the sol at the interface.
As a consequence the surface SiO- groups on the colloidal particles became neutralized,
leading to condensation of surface SiOH groups and subsequent film formation on
electrode surface. However, when they attempted to electrodeposit silica on conducting
surfaces from a sol containing TMOS and KCl, no film was evident. This was attributed to
the slow hydrolysis and condensation rate of TMOS in acidic medium.79 Based on the pHdependence of gelation time, it is much easier to prepare films under basic conditions (OH) compared to acidic conditions (H+) as the gel time is used as a measure of the
condensation kinetics. The rate of condensation is maximized at intermediate pH (3-8) and
minimized at pH 1.5-2.1 Films prepared via cathodic deposition are made from sols with a
bulk pH in the range 3-4, which increases to about pH 8.5 at the solution/electrode
interface (not in the bulk sol) when cathodic potentials are applied.73, 79
The preparation of films via the application of anodic potentials is more
problematic compared to cathodic electrodeposition. In anodic electrodeposition, much
higher overpotentials are required by the working electrodes for the oxidation of water to
protons88 and in some cases electrodes are known to form surface oxides which impede the
electron transfer reactions.136 Additionally, care should be taken to ensure that the pH of
the starting sol is not at the isoelectric point of silica, ~ pH 2, as surface silanols are
protonated at pHs below this value and are involved in acid-catalyzed condensation.1 The
question that needs to be answered at this point is “how much lower than the isoelectric
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point does the starting sol needs to be in order to form silica films via the application of
anodic potentials?”
One driving force of this research was to find an approach to prepare
electrodeposited silicate films from silane precursors via the application of anodic
potentials. In one approach attempts were made to electrodeposit silicate films on GC
electrodes via the application of anodic potentials (+ 1.1 V to +2.0 V) for 30 minutes from
sols prehydrolyzed or partially condensed by the addition of HF. When the sol contained
TMOS and KCl, the addition of 3-4 drops of 49% HF (~20 µm) caused the sol to gel
immediately and as a result was not used to electrodeposit silica on GC electrodes. This
was attributed to the effectiveness of F- as a catalyst for the hydrolysis and condensation of
TMOS. In cases where MTMOS was used as the silane precursor, the sol remained stable
as the hydrolysis and condensation rate of MTMOS is much slower than TMOS. Thus,
this sol was used to electrodeposit silica on GC working electrodes. Upon removal from
the electrochemical cell, the working electrode was rinsed and dried and a colored film was
evident.

However, when control experiments were later conducted whereby the

electrochemical cell was just allowed to stand for the electrodeposition duration, without
attachment to the potentiostat, a colored film was also observed on the electrode surface.
This observation suggests that the application of a potential was not necessary for film
formation and it is impossible to tell whether the electrogenerated catalyst (H+) had any
part in film formation.
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In another study, the pH of the starting sol and acid-base properties of the
supporting electrolyte were manipulated to determine whether or not silica films could be
deposited via the application of anodic potentials. The sols were prepared from TMOS or
an organoalkoxysilane and supporting electrolytes that have acidic properties (such as
HNO3 or KH2PO4) were used. A number of different supporting electrolytes were used in
this study, but the emphasis will be on sols made with KH2PO4. In a typical experiment,
the sol consisted of 0.2 mL silane precursor , 1.0 mL absolute ethanol, 4.0 mL of KH2PO4
(0.2 M) and 3.0 mL de-ionized water. The sol was stirred for 30 minutes to ensure
homogenization, after which anodic potentials +1.7 V to + 2.3 V were applied to GC
working electrode vs. Ag/AgCl reference electrode. Prior to electrodeposition a CV was
recorded to give a visual picture of electron transfer process occurring at the working
electrode surface. A CV for the oxidation of water to protons at GC in a sol containing
iBTMOS with KH2PO4 is given in Figure 30. The arrow indicates the direction of the scan
and the increasing current between 1.3 V to 1.8 V represents the oxidation of H2O to H+.

Figure 30: CV at GC electrode in a sol that contains KH2PO4 and iBTMOS. Scan rate: 100 mV/s
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Colored films were evident on the electrode surface at the end of the
electrodeposition period (30 minutes) and digital images of films formed at 1.8 V, 2.0 V
and 2.2 V are shown in Figure 31. The differences in color are due to differences in film
thickness and refractive index.130, 131

Figure 31: Digital images of films formed on GC at Eapplied of 1.8, 2.0 and 2.2 V for 30
minutes respectively
To determine the thickness of colored films electrodeposited via the application of
anodic potentials, films were deposited on glassy carbon chips (small GC rod with 2 mm
diameter). Film thicknesses of silica prepared via cathodic electrodeposition have been
reported by Collinson et al. and Shacham and co-workers. These values were said to vary
from 75 nm to 15 µm

79, 80

and 3.5 µm to 10 µm73 respectively. They found that film

thickness depends on experimental parameters and conditions such as the nature of the
conductive surface, deposition time, and applied potentials, the most significant factor
being the applied potential. The film thickness results recorded in this work is the first time
that films prepared by anodic deposition were measured. The thicknesses of the films were
measured with a Tencor Alpha-Step 500 stylus-based profilometer. Figure 32 shows a plot
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of film thickness versus applied potential for sols containing TMOS or an
organoalkoxysilane (MTMOS, ETMOS and iBTMOS) and KH2PO4 as supporting
electrolyte with electrodeposition time being 30 minutes.

Figure 32: Film thickness vs. applied potential. Films were deposited on GC chips from sols
containing TMOS, MTMOS, ETMOS or IBTMOS and KH2PO4 as the supporting electrolyte.
Deposition time: 30 minutes. The error bars contain a replicate of three samples, each samples
were scanned in three different locations.
As with cathodic electrodeposition, film thickness was found to depend primarily
on the applied potential. Film thickness increased as the magnitude of the applied potential
increased, i.e., thicker films were produced from potential range 1.8 V to 2.3 V. The rates
of hydrolysis/condensation influenced film formation and hence film thickness. Under the
conditions of the experiments (acidic media), the films from organoalkoxysilanes were
expected to be thicker than those prepared from TMOS because their rates of hydrolysis
are faster. This result seems to contradict what is expected from the theory but there is a
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plausible explanation. Sols made from ETMOS and iBTMOS were not fully miscible with
the solvent system used, and phase separation of silane (non-aqueous) from solvent system
(aqueous) in the form of droplets of silane were observed in the electrochemical cell after
30 minutes of stirring. Homogenization is necessary if a silane is to react
stoichiometrically with water during hydrolysis.1
Silicate films electrodeposited via anodic potentials were later characterized via
AFM and profilometry to determine their surface roughness and film thickness
respectively. In this experiment films were deposited on flat GC plates mounted at the
bottom of the electrochemical cell (Figure 22). The surface roughnesses of these films
have not been measured previously but in this case tapping mode AFM was utilized to
obtain their topography and surface roughness. Figure 33 shows representative 5 µm x 5
µm AFM images of films formed from sols containing TMOS with KH2PO4 as supporting
electrolyte and deposition time of 30 minutes at potentials of 2.2 V to 2.6 V with respect to
an Ag/AgCl wire. The surface roughness of the films increased slightly with an increase in
potential and similar results were obtained with HNO3, another electrolyte used in sol
preparation of films electrodeposited via anodic potentials (see Table 5). Films deposited
on the flat GC plates show increases in film thickness with increasing positive potentials,
but not as dramatic as those observed for cathodic deposition or in prior work by Collinson
and co-workers. 80, 88 The thickness data are also shown in Table 5.
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Z-scale: 50 nm
Figure 33: 5 µm x 5 µm AFM images of silica films electrodeposited on GC at the potentials
shown. Supporting electrolyte is KH2PO4.

Table 5: Surface Roughness and Film Thickness Values Obtained from Films Prepared
via Anodic Electrodeposition.
Eapplied, V

Electrolyte

Roughness, nm

Film Thickness (nm)

2.2

KH2PO4

2.2 ± 0.1

29.1 ± 0.5

2.4

KH2PO4

2.5 ± 0.1

42.2 ± 1.2

2.4

HNO3

2.7 ± 0.1

43.4 ± 2.3

2.6

KH2PO4

3.0 ± 0.1

66.7 ± 2.3

2.6

HNO3

3.3 ± 0.1

60.0 ± 2.3

Thickness values were obtained by surface profilometry at the Eappl indicated.
Films were electrochemically deposited on GC using potentials up to 3.0 V but the
data obtained for potentials greater than 2.6 V were not recorded because bubble formation
was sometimes observed at the working electrode and this was found to influence surface
roughness. Figures 34a and b show 5 µm x 5 µm AFM images of silica films deposited at
GC upon the application of 3.0 V where bubble formation was (a) and was not (b)
observed respectively. A comparison of the images shows that image (a) is rougher than
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image (b); the average roughness values obtained via AFM are 20.1 ± 0.8 nm and 3.3 ± 0.2
nm respectively.
b

a

Figure 34: Influence of bubble formation on surface morphology. (a) Bubble formation
observed at GC (b) No bubble formation observed at GC at 3.0 V respectively. Z-scale: 50
nm

3.4.2.3.

Comparison of Electrodeposited Films to Spin-Coated Films

Silica films electrochemically deposited via the electro-generation of base are
rougher (10 times) than spin-coated films and base catalyzed spin-coated silica films are
rougher than their acid catalyzed spin-coated counterparts. Silica films electrochemically
deposited via the electrogeneration of protons have about the same roughness as its acidcatalyzed spin-coated counterpart. Figure 35 shows 5 µm x 5 µm AFM images of
electrodeposited and spin-coated silica films. The acid-catalyzed films are very thin and as
a result polishing scratches of the underlying substrate can be seen. Spin-coated films are
less porous than films that are electrodeposited from the same sol because gelation and
evaporation occurs simultaneously during spin-coating, whereas gelation and evaporation
are separate processes in electrochemically prepared films.73, 80
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a

b

Z-scale: 50nm

Z-scale: 500nm
d

c

Z-scale: 50nm
Figure 35: Comparison of electrodeposited films with their spin-coated counterparts. (a) Cathodic
deposition (b) Anodic deposition (c) Base-catalyzed and (d) Acid–catalyzed spin-coated silica film.

3.4

Important Challenges
Even though colored films have been shown to form at GC electrodes during

anodic deposition, when ITO working electrodes are immersed in the same sol and a
positive potential is applied (vs. Ag/AgCl reference), no film formation is evident at these
surfaces. Taking into consideration that ITO requires larger overpotentials than GC for the
oxidation of H2O to H+ ions, ascorbic acid was added to the sol to reduce the potential at
which H+ ions are formed. A cyclic voltammogram recorded at ITO working electrode (vs.
Ag/AgCl) in a sol containing ~0.5 mM ascorbic acid, 0.5 mL silane precursor, 0.2 mL
anhydrous ethanol, 3 mL KH2PO4 is illustrated in Figure 36. Ascorbic acid is known to
have peak potential of ~0.6 V, that is, at and beyond this potential ascorbic acid is oxidized
to dehydroascorbic acid and two moles of protons as seen in equation 20.
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Figure 36: CV for the oxidation of 0.5 mM ascorbic acid at ITO electrode in a sol
containing TMOS and KH2PO4 as supporting electrolyte. The scan rate is 100 mV/s.

+ 2H+ + 2e-

Eapplied = 1.0
V
Ascorbic acid

(20)

Dehydroascorbic acid

Under the experimental conditions (acidic media) the peak potential was shifted
form the value of 0.6 V to ~ 0.8 V because a standard Ag/AgCl reference electrode was not
used and the peak potential is sensitive to pH. In these experiments protons were formed at
a lower potential. Experiments were carried out in the electrochemical cell shown in
Figure 22. At the end of the electrodeposition period the cell was detached from the
potentiostat and the sol poured into a waste container. Immediately, the cell content was
replaced with de-ionized water and gently swirled to rinse the working electrodes. Rinsing
was repeated at least three times after which the electrode was removed and allowed to dry
under ambient conditions. At the end of drying, films were observed on the ITO surfaces
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but they were later shown to be films adsorbed on the ITO surface, not electrodeposited, as
a result of improper rinsing protocol. When identical experiments were conducted and the
rinsing protocol changed, that is, working electrode immediately removed from cell and
rinsed by squirting de-ionized water directly over its surface and dried under a stream of
air, no film was observed on the ITO.
Recently (2009), Liu and co-workers published a communication in Analytical
Chemistry commenting on “Electrodeposited Silicate Films: Importance of the Supporting
Electrolyte”.89 This paper highlighted the fact that the color of films formed on GC
surfaces by anodic deposition should not be taken as the sole indicator for the presence of
silica. This is an important point, since similar films are deposited at GC surfaces from sols
which contained silane precursors and those that are silane-free (control).88, 89 This finding
emphasizes the importance of using surface chemical analysis to confirm the composition
of materials. Liu and coworkers used XPS to determine the contents of the films deposited
on GC electrodes. The results obtained indicate that films prepared from sols containing no
silane precursors showed no 2p-Si peaks and that the colored film formed on the electrode
surface in this case could be the result of the oxidation of the GC substrate as explained by
Bard and Kepley.89,
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However when the sols contained TMOS a 2p-Si peak was

observed. This suggests that the 2p-Si peak observed is related to deposition of silica on
the surface from the silane precursor. To prove that the observed Si signal was not due to
improper rinsing, they examined the sample for a potassium (K) signal from the supporting
electrolyte. No potassium signal was detected in the sample indicating that the sample was
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properly rinsed and the Si signal detected is due to silica deposited on the surface, not due
to residues from the silane precursor in the sol.89
Experiments were also conducted in our lab to chemically verify the presence of
silica in films prepared by anodic electrodeposition by characterizing them with SEMEDX. However, elemental analysis showed no evidence of the presence of Si in films
prepared via anodic deposition. Figure 37 shows the results of SEM-EDX analysis for
films anodically deposited at GC electrode form a sol containing no silane and KH2PO4
(spectrum a) and another sol containing TMOS and KH2PO4 (spectrum b) respectively.
The SEM images of films formed from silane-free sol and that prepared with TMOS are
shown as inset in the corresponding spectrum. Both spectra showed a very prominent peak
for carbon near 0.1 keV but no other peaks were evident, including that for Si which
should be located at ~1.75 keV. The morphological images (insets) are very similar: very
smooth and featureless.
a

b

Figure 37: SEM-EDX elemental analysis of anodically deposited films on GC electrodes. (a)
Spectrum obtained from a film prepared from sol a containing KH2PO4 and no TMOS and (b)
Spectrum obtained from a film prepared from a sol containing KH2PO4 and TMOS.
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Silica films formed via cathodic deposition from sols containing KCl and TMOS
were also examined with SEM-EDX and shown to contain silica. The spectra shown in
Figure 38 shows a similar peak for carbon but it has a second peak at ~1.73 keV
representing silicon, indicating that silica is present in films formed by cathodic deposition.

Figure 38: Elemental analysis of silica film electrodeposited at GC electrode from a sol
containing TMOS and KCl as the supporting electrolyte at -1100 mV.
The fact that Si was not detected in EDX analyses when films are anodically
electrodeposited does not necessarily mean it is not there. EDX is less sensitive than XPS;
the sensitivity of EDX is between 1 - 0.1 atomic percent while that of XPS is between 0.50.01 atomic percent.138 Collinson and co-workers plan to use recently acquired XPS
instrumentation in the near future to validate findings published by Liu and coworkers.

3.5.

Conclusion
Theoretically, it is possible to generate silica films using anodic and cathodic

potentials since hydrolysis and condensation are catalyzed by both protons and hydroxyl
90

ions. The work presented in this chapter show that sol-gel-derived silica films
electrodeposited by cathodic potentials are easier to prepare than those that are
electrodeposited via the application of anodic potentials. In reality, a silicate film via
anodic electrodeposition is more difficult to prepare as the pH of the sol at the interface
during electrodeposition might be close to the isoelectric point of silica (~2.2), where rates
of hydrolysis and condensation are very slow. Additionally, the oxidation of water to
protons requires a very large over potential to form a high enough concentration of protons
to catalyze the sol-gel reactions.
In this work it was determined that the acidic/basic properties of the supporting
electrolyte are significant to film formation as are the rates at which the silane precursor
hydrolyzes and condenses. Film formation is strongly dependent on the concentration of
H+ and OH- at the solution/electrode interface since these are catalyst for hydrolysis and
condensation. Any supporting electrolyte that contains acidic/basic anions that can react
with the electrogenerated OH- or H+ ions will interfere with film formation. Silicate films
that are electrodeposited via the application of cathodic potentials (negative) require
supporting electrolytes that are neutral or basic, i.e, they have no acid properties which will
interfere with the electrogenerated base (OH-) at the electrode surface.
The surface properties of silica films electrodeposited by cathodic potentials
depend on the electrogenerated catalyst (OH-). Film thickness and surface roughness were
found to increase by increasing the applied potential. Films formed via cathodic deposition
are significantly thicker and rougher than those that are spin-coated. Surface
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characterization gives the researcher additional knowledge of the critical parameters
affecting the morphology of silica films and aids in the design of materials tailor-made for
specific applications. In this instance, the rougher particulate films with interstitial porosity
formed via electrogeneration of base would be best used in the development of chemical
and biochemical sensors and as a platform for loading of catalytic particles where higher
porosity and surface areas are necessary. On the other hand, the more compact films
formed from acid-catalyzed sols would be best used in corrosion protection where it is
necessary to block electron transfer at the underlying conducting surface.
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Chapter 4 Patterning Surfaces with Silica
4.1.

Introduction
The ability to pattern surfaces at various length scales is of paramount importance

to many fields of research including cell biology, tissue engineering, medical science,
chemistry and physics. Patterned surfaces utilized in modern technologies range from the
production of integrated circuits, information storage devices and display units to the
fabrication of microelectromechanical system (MEMs), miniaturized sensors, microfluidic,
biochips, micro-optical components and diffractive optical elements.139
Surfaces are patterned using a range of methodologies and technologies including
lithography (optical, x-ray, electron and ion), self-assembled monolayer (SAM)
technology, printing techniques (nano-imprinting and microcontact printing) and direct
writing techniques (scanning probe microscopy methods, inkjet printing and robotic
deposition).140, 141
This chapter is focused on patterning ITO coated glass surfaces with silica using a
combination of photolithography, the sol-gel process and electrochemical deposition. First
an ITO-coated glass is patterned using photolithography and wet chemical etching to create
a substrate that has alternating areas of ITO (conductive) and glass (insulator). Each ITO
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band produced during photolithography and wet chemical etching is three dimensional
(3D), its smallest dimension (height) is perpendicular to the solution interface and its
largest dimension (length) is exposed to solution.
The main goal of this study is to selectively deposit silica on the conducting parts
of the substrates using the sol-gel process and chronoamperometry. In this work, the
patterned ITO electrode is used as the working electrode. It is immersed in a sol and a
potential of -1.1 V applied to it, water or oxygen is reduced to hydroxyl ions and the pH at
the electrode surface increases. The electrogenerated hydroxyl ions catalyze the
condensation of TMOS and silica is deposited on the conducting parts of the substrate.79
The ideal result would be to have silica deposited only on the lateral planes of the ITO
bands maintaining the vertical boundaries of the electrode as shown in Figure 39.
However, in reality silica will be electrodeposited on the large lateral face of ITO as well
as on the small vertical edge due to the formation of OH- ions at these interfaces. As the
diffusion layer of OH- on the vertical face grows, silica will deposit on the glass between
ITO bands and the vertical edge will move away from baseline (see Figure 40), a distance
representative of the diffusion layer thickness of OH-.
OH- OHEappl = -1.1 V

OH- Condensation

HO-

Sharp boundaries
Figure 39: Cartoon showing the cathodic deposition of silica at patterned ITO electrode.
The sharp vertical boundaries are desired for the effective patterning of the substrate with
silica.
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OH- OHEappl = -1.1 V

OH- Condensation

HO-

Sloping boundaries
Figure 40: Cartoon showing the deposition of silica at patterned ITO electrode showing
sloping boundaries instead of sharp vertical boundaries.
To successfully pattern a surface via electrochemical deposition one should be
concerned with the overlap of the diffusion layer of adjacent ITO bands.142 This problem is
analogous to “cross talk”, the phenomenon in electronics where a signal transmitted in one
circuit or channel causes an undesirable effect in a nearby circuit or channel. 143
Electrodeposition of silica at the electrode surface depends strongly on mass transport of
electroactive species to the interface.90 In this work the mode of mass transport is diffusion
only, because migration and convection have been effectively eliminated by using an
excess supporting electrolyte and not stirring the solution.90 The diffusion profile at the
patterned ITO is not as simple as what would be obtained with a planar electrode.

90, 93

Figure 41 shows the diffusion profiles at the patterned ITO electrode.

ITO

x

(a)

x

Glass

ITO

Glass
(b)
Figure 41: Types of diffusion occurring at patterned ITO electrodes. (a) Linear diffusion at lateral
ITO surface. (b) Non-linear diffusion at vertical ITO surface. (Not drawn to scale).
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When a current is passed through the solution in an electrochemical cell, the
electroactive species (reactant) at the solution/electrode interface undergoes electron
transfer. The concentration of the reactant falls to zero at the electrode surface and its
replenishment is dependent on mass transport from the bulk of solution.90,
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Figure 42

shows the concentration profiles for the reactant (Ox) and product (Red) before and after
the application of a potential to the working electrode.
Ox

1

Ox

1

Eappl

C/C*

Ox + ne ↔ Red
0

0

Red
Distance (µm)

Red
Distance (µm)

Figure 42: Concentration profile of the electroactive species before and after an applied potential
Assuming that migration and convection are negligible, the reactant and product are
transported to and from the electrode surface by diffusion. The region adjacent to the
electrode surface where the concentrations of the electroactive species differ from their
bulk concentrations is called the diffusion layer. A concentration gradient develops in the
diffusion layer because the concentrations of the electroactive species are dependent on the
electrode potential and also on its distance from the electrode surface. The distance over
which this concentration variation occurs is called the diffusion layer thickness, δ. The
bulk concentration of the electroactive species remains constant at sufficiently large
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distances from the working electrode. A hypothetical concentration profile for the diffusion
of product (OH-) from the electrode surface is shown in Figure 43. As the time scale of the
experiment increases, the diffusion layer thickness also increases. Values of the diffusion
layer thickness are estimated from equation 12, δ = 2 (D t) ½, where D is the diffusion
coefficient of OH- , and t is the time for OH- to diffuse away from the interface towards the
bulk of solution.90

(µm)

Figure 43: Concentration profile showing diffusion of product (OH-) from the electrode
surface.
Estimates of the diffusion layer thickness are shown in Table 7, where the value of
D is 1 x 10-6 cm2s-1 and the time frame of the experiment ranges between 5-20 minutes.
The estimated values in this table can be used as a guideline for determining how far OHdiffuses during a given experiment. Additionally, these estimates are useful when
determining suitable distances between adjacent electrodes in a micro-array of electrodes.
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Table 6: Estimate of Diffusion Layer Thickness during Direct Chronoamperometry
Time (sec)

Diffusion Layer Thickness (µm)

300

350

600

490

900

600

1200
700
D=1x10 cm s . Values shown here are calculated using equation 11 (chapter 2, page 37)
-6

4.2.

2 -1

Research Project Overview
The work presented in this chapter initially looks at the problem of the diffusion

layer overlap at adjacent ITO bands. To demonstrate how important the size of the gap
between ITO bands is, four different patterned ITO electrodes with gaps ranging from 2001000 µm were used as the working electrodes for the cathodic electrodeposition of silica
from TMOS. The patterned surfaces were characterized by profilometry to determine the
extent of silica deposition between adjacent ITO bands. It was observed that this problem
was most severe when the gaps between these bands were small relative to the diffusion
layer thickness estimated for OH- over the electrodeposition period.
In the second part of this work, pulsed chronoamperometry was proposed as a
technique by which the extent of silica deposition on the glass between adjacent electrodes
could be minimized. Silica films were electrodeposited on the ITO bands using both direct
and pulsed chronoamperometry. The films were characterized by stylus profilometry to
compare the extent of silica deposition on the glass surface between the ITO bands and
film thickness obtained by direct and pulsed chronoamperometry. The results were not as
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promising as we had hoped because they show that the extent of silica deposition on glass
between ITO bands were identical for pulse and direct chronoamperometry. In addition to
this, the film thicknesses were not always identical as expected, but were much thicker for
films prepared by pulse chronoamperometry.

4.3.

Materials and Reagents, Instrumentation and Procedures

4.3.1. Materials and Reagents
TMOS (99%, Acros) was used without further purification. KCl, HNO3, HCl and
K2SO4 were purchased from Fisher Scientific while acetone and absolute ethanol were
purchased from PHARMCO-AAPER. The AZ 4620 photoresist and AZ 421K developer
used for electrode preparation were purchased from AZ Electronic Materials. The working
electrode was a 2.5 cm x 1.3 cm ITO coated-glass electrode (China) patterned via
photolithography and wet chemical etching. A platinum wire and silver chloride coated
silver wire served as the auxiliary and reference electrodes respectively.

4.3.2. Instrumentation
Patterned working electrodes were prepared by photolithography using a Super
Spot MK III exposure system from LESCO containing a 100 W mercury arc UV bulb with
a waveguide to direct the light beams, courtesy of the Alvarez group. All reagents and sols
were made with water purified by a Millipore water purification system. The
electrochemical experiments were performed in a single compartment three-electrode
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electrochemical cell (Figure 22, page 61) using a Bioanalytical Systems (BAS) CV100 or
CH Instrument potentiostat. The film thickness of silicate films and the extent of diffusion
overlap at the patterned electrodes were obtained with a KLA Tencor Alpha-Step IQ stylus
profilometer.

4.3.3. Procedure
4.3.3.1.

Working Electrode Preparation and Inspection

ITO coated glass was cut into 2.5 cm x 1.3 cm pieces and wiped clean with
methanol to remove any organic residue or fingerprints that might have adhered to it
during cutting. The pieces were then transferred to individual plastic beakers and sonicated
in 2-propanol for 15 minutes followed by rinsing in copious amounts of de-ionized water.
The samples were then sonicated further for 15 minutes in deionized water and dried under
a stream of air. The substrates were dehydrated in an oven at 105˚C for 20 minutes to
remove any remaining moisture and cooled to room temperature prior to spin-coating with
positive photoresist. The photoresist was spin-coated on the substrate using a spin speed of
2500 rpm at a spin time of 25 seconds. The photoresist-coated substrate was soft baked in
an oven for 10 minutes at 80˚C, cooled to room temperature and a second coating of
photoresist spun on the substrate followed by hard baking at 80˚C for 1 hour. The pattern
was transferred to the ITO coated glass substrate using photolithography and wet chemical
etching. The exposure system was optimized to give optimum pattern transfer when the
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film thickness of the photoresist is ~22 µm. Figure 44 shows the remaining steps involved
in the electrode preparation process. The photoresist-coated substrate was then placed on
the stage with the photomask (patterned transparency slide) and secured in place. The stage
with the sample and photomask was placed into a black box in which the UV source is
housed and the sample illuminated for 20 seconds. To facilitate optimal pattern transfer the
vertical distance between sample and light was 5 cm.

Step 5: Mask alignment
& exposure

Light

Mask
Photoresist
Conductive
thin film
s
Glass

Illuminated
Exposure
areas
Unexposed areas
ITO

Positive resist:
Rendered soluble
Step 6: Development

Step 7: Wet etching
Figure 44: Steps in the photolithography process using a positive photoresist (not
drawn to scale).

The sample was removed and immersed in the commercial developer (AZ 421K)
for about 3 minutes with agitation at 132 rpm to develop the latent resist image formed
during UV exposure. In this step, selective dissolution of the photoresist occurred; the
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areas exposed to UV radiation were rendered soluble while areas in the dark portions of the
mask were rendered insoluble. Periodic inspection of the substrate by eye was done to
prevent under- and over-developing. An under-developed pattern has a thin white film of
photoresist covering portions of the substrate while an over-developed pattern is
characterized by jagged edges with dimensions significantly smaller than those on the
mask. Upon successful development of the pattern, the substrate was rinsed with copious
amounts of deionized water, dried under a stream of air and the portions with exposed ITO
tested with a voltmeter for conductivity. The exposed ITO, due to the photoresist rendered
soluble in the development step, was etched in a solution prepared by mixing 7.2 mL H2O,
54.0 mL concentrated HCl and 39.0 mL concentrated HNO3. The mixture was agitated at
132 rpm to ensure better uniformity in ITO removal from the substrate. Periodic inspection
helped to prevent under- and over-etching. Upon successful etching, the substrate was
immediately rinsed in de-ionized water, dried and check with a voltmeter to ensure that the
exposed ITO film was indeed removed. The substrate was immersed in a 0.2 M K2SO4
solution to ensure that the acid on the substrate was neutralized. The remaining photoresist
was removed by agitation in acetone followed by further agitation in ethanol at 132 rpm.
The patterned substrate was rinsed in deionized water, dried under a stream of air and the
ITO bands tested with a voltmeter to ensure they were conductive. The quality of the
patterns transferred to the substrate was inspected by profilometry for defects such as
pinholes, disconnect, and line widths that deviated significantly from the dimensions of
the master pattern.
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4.3.3.2.

Electrochemical Experiment

The electrochemical experiments were carried out in a single compartment threeelectrode electrochemical cell similar to that shown in Figure 22 (page 61). The working
electrode, patterned ITO, was mounted at the bottom of the electrochemical cell as
explained previously. The electrochemical cell contained 50 µL TMOS, 3.0 mL absolute
ethanol and 2.0 mL KCl (0.2 M). In this case the auxiliary electrode was a coiled platinum
wire that was wrapped around the reference electrode (encased in shrink wrap tubing with
a small portion of Ag/AgCl wire exposed to the sol) as depicted in Figure 45.

Figure 45: Cartoon showing the placement of auxiliary electrode in relation to reference
electrode to promote uniform current distribution at the working electrode.
The electrochemical cell was covered with a plastic cap (to prevent evaporation of
the sol) that contained an opening (very tight fit) in which the auxiliary and reference
electrodes were inserted. The tip of the reference electrode was positioned about 2 mm
from the working electrode to minimize Ohmic drop in the cell. Coiling the auxiliary
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electrode around the reference helped to maintain uniform current distribution at the
working electrode resulting in films that were more uniformly deposited. Silica films were
deposited on the patterned ITO electrode via direct and pulse chronoamperometry at an
applied potential of -1.1 V for a total time of 20 minutes o 450 seconds, respectively. The
working electrode was immediately removed from the sol and rinsed with de-ionized
water. The electrode was then dried under a stream of air and characterized via
profilometry.

4.4.

Results and Discussion

4.4.1. Electrode Preparation
Four different photomasks were used to prepare the patterned electrodes used in
this experiment and their top view optical images are depicted in Figure 46. The ITO
electrodes prepared by photolithography and wet chemical etching are 3-dimensional, their
height depends on the thickness of the ITO layer on the glass substrate prior to patterning.
In this case the height is ~90 nm, the width and length are dependent on the dimensions of
the pattern tranfered from the photomask and their dimensions are very large compared to
the height. Figure 47 shows the profilometric profile of the electrode patterned with a
mask that had dimensions 250 µm x 300 µm. This profile shows that the dimensions of the
pattern were transferred to the substrate with high fidelity.
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Figure 46: Optical images of the patterned electrodes prepared by photolithography and
wet chemical etching. Their dimensions are labeled in red and blue, the numbers in red
represents the width of the ITO bands while those in blue represents the gap between
electrodes.

250 µm x 300 µm

ITO
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Glass
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Figure 47: Profilometric profile showing the cross sectional view of the electrode with
dimensions 250 µm x 300 µm. The inset is the top view optical image of the same electrode.
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4.4.2. Profilometric Analysis of Bare Patterned ITO Electrode
The bare patterned ITO electrodes were analyzed via profilometry prior to silica
deposition to inspect the quality of photolithographic process. The average thickness of
bare ITO was measured by analyzing several areas in the center of the electrode; the
location to be defined by the o-ring in the electrochemical cell, which determines the
geometric area of the electrode. Figure 48 is an illustrative cartoon of the areas scanned to
determine average thickness of bare patterned ITO.
Positions scanned

Control
Electrode
E1

Electrode 1 (ITO)

E2

Electrode 2 (ITO)

E2

E1
O-ring
Figure 48: Cartoon showing the areas scanned to assess the quality of the
photolithographic process. Blue circles indicate the locations on the electrodes that were
inspected via profilometry.
The quality of the photolithographic process can be evaluated via profilometry by
measuring the heights and widths of the bare ITO electrodes and examining the gaps
between them. A comparison was made between these values and the original dimensions
of the patterns on the photomask. The quality of the process was thus defined by the
fidelity with which the patterns were transferred to the substrate (in other words “are the
dimensions of the pattern on the substrate the same as the mask from which it was
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transferred?”) and the sharpness of the lines defining the boundaries between conducting
and insulator regions.125
The average thickness of bare ITO used in this study was ~90 nm as determined
from the step height analysis shown in Figure 49. The baseline (etched glass) is not
smooth because it has been etched during the removal of the ITO. There is a limit to the
uniformity of surfaces via wet chemical etching but in this process several steps were taken
to improve consistency. The etchant solution was made fresh prior to etching and samples
were agitated in the solution for 15 minutes at 132 rpm. The step from bare glass to ITO
looks very sharp but closer inspection (zooming) indicates that the edges deviate from
vertical by ~ 2 µm as shown in Figure 50.

ITO

~90 nm

Glass

Figure 49: Step height analysis showing the thickness of a bare ITO electrode to be 90 nm.

This sloping is attributed to limitations of the photolithographic and wet chemical
etching processes. The fidelity of the patterns transferred depends on the quality of the
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mask and the intensity of the UV source. The master patterns were printed on transparency
paper, which is very flexible, lacks the sturdiness and optical transparency of the more
expensive chromium-coated glass mask and quite likely to shift after alignment on
substrate.125 The red and blue lines in Figure 50 represent step height analyses of two
different areas on a patterned ITO (bare) substrate that has been zoomed along the vertical
edges as shown in Figure 49. This slight deviation from sharp vertical edge is not expected
to affect the data collected in this experiment since the expected diffusion layer overlaps
are expected to be much larger than this value (see Table 6).

Figure 50: Step height analyses of bare patterned ITO electrodes zoomed near the vertical
edge.

4.4.2. Silica Deposition on Glass between Adjacent ITO Bands
Electrochemical deposition allows for the non-manual patterning of substrates with
inorganic, organic or biological materials, especially those used for miniaturized
devices.144,

145

Payne and co-workers electrodeposited the polysaccharide chitosan on
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patterned gold electrodes to demonstrate the potential of the hydrogel for creating threedimensional structures in miniaturized devices.146 They manipulated the amino groups on
the polymer; at low pH (< 6) chitosan is protonated and soluble while at higher pH (> 6.3)
it becomes deprotonated forming an insoluble hydrogel network. The hydrogel was
electrodeposited from a solution at pH 5 by applying negative potentials to the patterned
surface which caused the interfacial pH to increase due to the deprotonation of chitosan.
After electrodeposition, the hydrogel-patterned electrode was removed from the solution.
Kurzawa and co-workers also used the electrochemical technique to prepare a
biosensor based on the encapsulation of glucose oxidase (GOx) in a polymer film.145
Platinum was patterned into a micro-band or micro-disk array and was subsequently
immersed into a polymer suspension containing the enzyme. The immobilization of the
enzyme-doped polymer is achieved by altering the pH at the solution/electrode interface.
Upon the application of positive or negative potentials water is oxidized or reduced
causing either carboxylic side chains of negatively charged polymer to be protonated
(anodic paints) or amino side chains of positively charged polymer to be deprotonated
(cathodic paints), which causes a decrease in the solubility of the polymer and ultimately
its precipitation on the electrode surface.145
In this work silica was electrodeposited on patterned ITO/glass substrates.
Patterning substrates with silica using the electrochemical deposition approach can be a
problem especially when the gap between adjacent ITO bands is small relative to the
diffusion layer thickness. The purpose of this part of the work was to evaluate how
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problematic the diffusion layer overlap would be when electrodepositing silica using direct
chronoamperometry. In this technique, the current is measured as a function of time while
applying a constant potential to the working electrode.90,

94

During the electrodeposition

period, a pH gradient is produced adjacent to the working electrode surface. The diffusion
layer adjacent to each ITO electrode will grow according to (Dt) ½, which is directly related
to the rate of hydroxyl ion generation and its diffusion from the interface.145 When the
photolithographically patterned surfaces are used as templates for subsequent patterning of
surfaces with silica via electrochemical deposition, the diffusion layer of adjacent
electrodes may overlap depending on the applied voltage, electrodeposition duration and
size of the gap between them. This will cause silica to deposit on the glass portion of the
substrate, relative to the extent of growth of the diffusion layer thickness of OH- ions.146 As
a result the relatively sharp vertical boundaries seen when the bare substrate was analyzed
is replaced by sloping boundaries.
Silica was electrodeposited on the four patterned surfaces shown in Figure 46 to
demonstrate how problematic the deposition of silica on glass between adjacent ITO could
be to successful patterning of the substrates. Silica was electrodeposited from sols prepared
as described in section 4.3.3.2 using an applied potential of -1.1 V for 1200 seconds. One
of the ITO bands served as a control electrode, i.e., an electrode where no contact was
made to the potentiostat. At the end of electrodeposition it was observed that silica was
electrodeposited on all ITO bands to which a voltage was applied and no film formation
was observed on the control electrode. This shows that there is some spatial selectivity as
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to where deposition of silica occurs. Profilometry was used to evaluate film thickness and
the extent to which silica was deposited on the glass surface between adjacent ITO bands.
Their profilometric step height analyses are shown in Figure 51.
200 µm x 300 µm

B

A

200 µm x 400 µm

250 µm x 1000 µm

C

D

Figure 51: Profilometric step height analyses of silica deposited by direct
chronoamperometry are shown for the four different patterned substrates showing the
diffusion overlaps at adjacent ITO bands.
A comparison of the profilometric profiles of the bare patterned ITO (Figure 48)
and the patterns upon which silica was electrodeposited (Figure 51), shows that the latter
is very noisy. The morphology of films electrodeposited via the application of cathodic
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potential were characterized in Chapter 3 and previously by Walcarius and co-workers.
The results from our experiments and those performed by Walcarius and co-workers
described these films as being composed of particles, reminiscent of the particulate nature
of the sols from which they are made.83 The “spikes” seen in the profiles (Figure 51) are a
conseqence of these particles.
Similar to the observations made by Payne and co-workers where chitosan was
deposited both on the gold band and on the non-patterned regions of the substrate, we
observed that silica was formed on the ITO bands but some silica extended onto the glass
regions of the substrate.
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The estimated OH- ion diffusion layer thickness (equation 11,

page 37) at these electrodes over the electrodeposition time of 1200 seconds is ~700 µm.
The gaps between ITO bands in these patterns are 200, 300, 400 and 1000 µm repectively.
In the first three cases, the size of this gap is small compared to the estimated size of the
individual diffusion layer thickness. As a result, it is anticipated that the deposition of
silica on the glass between adjacent electrodes will be significant, with the extent of the
deposition being more severe the smaller the gap. The profilometric step height analyses in
Figure 51 show that silica deposits on both the conductive (ITO) and the insulator (glass)
portions of the substrate. The extent of silica deposition on the glass is reflective of the
extent of diffusion layer overlap of OH- ion produced at adjacent ITO electrodes.146 In
Figure 51 A, B, and C the height of the profile is ~ 50-100 nm above the baseline
indicative of silica deposition between electrodes on glass. When the spacing is so close
the adjacent electrodes cease to act individually, instead they act as one electrode.90, 93
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The pattern with the largest gap, 1000 µm, exhibited the smallest deposition of
silica on glass. In this case, the profile reached baseline 250 µm from either side of the ITO
/glass interface. The deposition of silica on glass in this case was ~ 20% compared to
patterns A, B and C where silica deposition on glass was ~ 100%. The difference between
profiles A, B and C is the thickness of the silica deposited on the glass between the ITO
bands. The average thickness of silica on the glass is about 300-400 nm for profiles A and
B while that of profile C ~ 100 nm. The results indicated that the diffusion layer overlap
was extremely problematic to selective deposition of silica in cases A, B and C where the
gap between electrodes were small relative to the diffusion layer thickness but the situation
improved when the gap was larger than the estimated diffusion layer thickness at
neighboring electrodes.
In previous work, Payne and co-workers electrodeposited fluorescently labelled
chitosan on a patterned surface having gold lines whose widths vary from 20-1000 µm and
gap between gold lines in the range 5-1000 µm. In their report they examined the
deposition of chitosan on 500 µm gold lines separated by different size gaps and observed
that the chitosan patterned substrate was well resolved even when the gap between gold
lines was 50 µm.147 This result is quite different from that obtained in our experiment and
these differences could be due to the mechanism of film formation, the electrodeposition
duration and the rate of mass transport to the electrode surface. The most significant
difference noticable was the elcetrodeposition duration, in our experiment the
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electrodeposition interval was 1200 seconds while in that of Payne and co-workers the
electrodeposition time was 120 seconds.
In this work attempts were made to minimize silica deposition between adjacent
ITO bands during electrodeposition. The strategy was to electrochemically deposit silica
using small potential pulses followed by a much longer waiting period instead of applying
a constant voltage to the working electrode for a given period of time (direct
chronoamperometry). The success of this strategy rest upon the premise that no
electrodeposition of silica occurred during the waiting period as the cell was turned off (0
V). In this case it was assumed that the time delay between pulses was enough to restore
the initial condition at the interface before applying the next pulse and that each pulse
initiated a new chronoamperometric experiment.145 If the pulse potential is 1 second in
length, the diffusion layer will be 20 µm which is significantly smaller than the case when
the potential is 1200 seconds in length (see Table 6).
In another scenario, the potential during the waiting period was held at an anodic
value where it was possible to form species that reacted with electrogenerated catalyst
(OH-), removing it from solution. Both strategies were supposed to result in a reduction of
the diffusion layer overlap at adjacent ITO bands as a result of less OH- ions forming and
accumulating at the electrode interface.

114

4.4.3. Minimizing the Extent of Silica Deposition on Glass.
Pulsed chronoamperometry was employed as a method to minimize the extent of
silica deposition between adjacent ITO electrodes on the patterned substrate. Figure 52
shows the potential-time waveform used for the pulsed electrodeposition of silica. In this
case, the potential was stepped from 0 V to -1.1 V, the potential was held at this value for a
very short period of time called the pulse width (P.W) and returned to 0 V for a period ten
times as long called the time between pulses (T.B.P). This action was repeated until the
allotted time for electrodeposition was reached.
T.B.P
0V

T.B.P = 10 P.W
P.W = 0.5, 1.0,
5.0, 10 s
-1.1 V

P.W
Time (seconds)

n =450

Figure 52: Chronoamperometric waveform used for pulsed deposition of silica.

In this work different pulse widths of 0.5, 1, 5 and 10 seconds were used for the
electrodeposition of silica. The prospect for pulse chronoamperometry to minimize the
diffusion layer overlap at adjacent electrodes is based on the premise that deposition occurs
only during the pulse width and that the time between pulses is sufficient for OH- to
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dissipate from the interface before the application of the next pulse. This technique was
used successfully by Schuhmann and co-workers to obtain a uniform polymer film and to
replenish the biological recognition element at the electrode surface.145 By using a pulse
deposition technique they ensured that sufficient time was allowed for the diffusion of the
biological recognition element to the electrode surface while re-establishing the bulk
concentration during the polymer deposition. 145 Estimates of the diffusion layer thickness
for different pulse widths are listed in Table 7. Based on these estimates the overlap of
diffusion layers at adjacent ITO band are expected to be significantly reduced when films
are prepared via pulse chronoamperometry. Pulse chronoamperometry experiments were
conducted on the pattern having dimensions of 250 µm x 300 µm from sols with the same
composition as used for direct chronoamperometry experiments.
Table 7: Estimates of Diffusion Layer Thickness During Pulse
Chronoamperometry using Applied Potential of -1.1 V
Time (sec)

Diffusion layer thickness (µm)

0.5

14

1.0

20

5.0

45

10.0

63

450 (DC)

424

Diffusion layer thickness calculated using equation 11 (chapter 2, page 37) using D=1 x
10-6 cm2s-1
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In one experiment, silica was electrodeposited by applying a potential of -1.1 V for
a pulse width of 1 second and time between pulses of 10 seconds (0 V). The total time the
potential was applied to the electrode was 450 seconds and the total time for the
experiment was 4950 seconds. At the end of electrodeposition the electrode was removed
from the electrochemical cell, rinsed and dried. The film prepared by direct
chronoamperometry was brown while that prepared by pulsed chronoamperometry was
white. This observation suggested that the film prepared by pulsed chronoamperometry
was thicker than that prepared by direct chronoamperometry. Both samples were
characterized by profilometry to evaluate the thickness of the films and to determine the
extent of silica deposition on the glass between adjacent ITO bands. Figure 53 is a
comparison of the profilometric step height analyses of silica film prepared by direct
chronoamperometry for an electrodeposition period of 450 seconds and silica film
prepared by pulsed chronoamperometry using a 1 second pulse width. The thicknesses of
the films were expected to be identical, if deposition only occurs during the pulse widths
(450 s). As can be seen, the film prepared via pulsed chronoamperometry was ~5-6 times
as thick as that electrodeposited by direct chronoamperometry. In addition to this, silica
was deposited between adjacent ITO bands to the same extent, instead of being minimized
in the case of pulsed chronoamperometry.
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Brown
Film

P1s
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Film

Figure 53: Step height analysis of silica deposited by direct and pulse chronoamperometry
at -1.1 V for 450 seconds from a sol that contained TMOS and KCl.
DC: Direct chronoamperometry and P1S: pulsed chronoamperometry using 1 s pulse widths.
.

In order to explain the apparent disagreement between theory and experimental
data when silica films were electrodeposited by pulsed chronoamperometry, several
experimental parameters were evaluated. The first question to answer was “Is the actual
waveform (see Figure 52) identical to that programmed in the potentiostat?” The
parameters used for the pulsed chronoamperometry experiment were programmed into the
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potentiostat and the electrochemical cell connected. An oscilloscope was attached to the
potentiostat in order to view the waveform generated. The waveform generated was
identical to the one programmed in the potentiostat indicating that other factors, not the
programmed waveform, were responsible for the disparity between theoretical and
experimental results.
Having eliminated differences between programmed and actual waveforms, the
next question to answer was “Does the time between each pulse influence the thickness of
the films or the deposition between ITO bands?” To determine if the time between pulses
affected the thickness of the film, silica was electrodeposited at patterned ITO electrode
using applied potential of -1.1 V (direct chronoamperometry) for 450 seconds and allowed
to stand in the cell for 4500 seconds without attachment to the potentiostat. The
electrochemical cell was allowed to stand for 4500 seconds because this time interval
represents the total waiting time between pulses. This film was compared to a film
prepared by direct chronoamperometry where silica was deposited for 450 seconds and
immediately removed from the cell. It was very obvious that silica deposition occurred
during the 4500 seconds when no potential was applied to the cell. The color of the films
were different, the film prepared via direct chronoamperometry and immediately removed
from the cell was brown while that allowed to stand in the cell for a further 4500 seconds
after the 450 seconds electrodeposition duration was white. In addition to this, more silica
was deposited on the glass regions between the ITO. It is known in sol-gel thin film
synthesis that a brown film is much thinner in comparison to a white film.79 To evaluate
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the film thickness, both films were characterized via profilometry and the results are shown
in Figure 54. The film that was allowed to stand for 4500 seconds after electrodeposition
was ~3 times thicker than the film deposited for 450 seconds. More silica was deposited on
the glass portions between the ITO bands when left to stand for 4500 seconds.

DC

Brown
Film

DC & Standing

White
Film

Figure 54: Profilometric step height analyses showing that time between pulses matter during
pulse deposition. Silica was electrodeposited from a sol that contained KCl and TMOS at a
potential of -1.1 V.
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The findings of the above experiment are fundamental in explaining the differences
between theory and experimental results obtained from the pulsed chronoamperometric
experiments. This data suggest that silica is being deposited during the waiting period
when the cell is turned off (0 V). This result is not surprising based on the formation of
silica films via the sol-gel process; silica will deposit once the hydrolysis and condensation
catalysts are generated regardless of whether the electrochemical cell is turned on or off.1,
13, 148

To ensure that the application of a potential was necessary for silica deposition, the
sol was assembled in the electrochemical cell and allowed to stand for the duration
required for pulsed chronoamperometry without applying a voltage. At the end of the
allotted time, the working electrode was rinsed in de-ionized water and dried under a
stream of air and later analyzed by surface profilometry. Figure 55 is a comparison of this
result and that obtained when silica was electrodeposited at the patterned substrate for 450
seconds and allowed to stand for 4500 seconds detached from the potentiostat. No silica
film was observed on the substrate that was allowed to stand without applying a potential.
These results indicate that the catalyst for hydrolysis and condensation reactions must be
electrogenerated in the cell for silica to deposit when the cell is turned off. Film formation
was absent on the substrate where no potential was applied because no catalyst was present
in the sol. Based on the nature of the formation of silica, the material being
electrodeposited, it is very difficult to ascertain whether the technique of pulsed
chronoamperometry has failed in minimizing silica deposition between adjacent ITO
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bands. What if the material being electrodeposited did not form during the period when the
cell is turned off?

No Potential

No Film

DC & Standing

White
Film

Figure 55: Comparison of profilometric step height analyses of patterned substrate when no
potential is applied and that when potential is applied for 450 s followed by standing at 0 V for
4500 s.
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Since the total time of the pulse experiment mattered, additional experiments were
conducted in which the applied potential and total time for the pulse experiment were
reduced. In one experiment, the potential at which the electrodeposition of silica occurred
was -0.9 V (instead of -1.1 V), and the time between pulses was 5 times as long as the
pulse width. The potential-time plot used in this experiment is shown below in Figure 56.
T.B.R

0V

T.B.R = 5 P.W
P.W = 1.0 s
-0.9 V
P.W
Time (seconds)

n =450

Figure 56: Modified potential-time plot used for reducing the thickness of the film by
lowering the applied potential and total experiment time.
In this case the total time for the pulsed chronoamperometry experiment was
reduced to 2700 seconds (compared to 4950 seconds). Reducing the applied voltage and
the time between pulses should also reduce the thickness of films prepared by pulsed
chronoamperometry. Applying -0.9 V should electrogenerated a smaller amount of catalyst
at the electrode surface, hence a thinner silica film electrodeposited on ITO bands and less
silica was deposited during the waiting periods. The profilometric analysis from this
experiment was then compared to that obtained from direct chronoamperometry where
silica was deposited for 450 seconds. The results are shown in Figure 57; the film
thickness and extent of deposition between ITO bands were comparable. The average film
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thickness in this case was 29.7 ± 3.8 nm. The result from this experiment looked promising
except that the diffusion overlap was not minimized, instead they were identical.

Figure 57: Comparison of profilometric step height analysis of silica film deposited by direct
and pulse chronoamperometry.
Pulsed chronoamperometry
Direct
chronoamperometry
The inability to minimize the extent of silica deposition between adjacent ITO
electrodes suggests that the time between pulses was not enough to prevent OH- from
accumulating at the interface and that the “initial” condition was not restored before
application of the next pulse. To address this problem the idea of generating protons at the
conducting surface during the time between run was proposed as a possible solution to
minimize the deposition between ITO bands at adjacent electrodes. The theory behind this
idea is that the electrogenerated protons will react with some of the electrogenerated
hydroxyl ions, hence reducing the amount of catalyst (OH-) available to catalyze the
hydrolysis and condensation reactions during the waiting periods.146
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Kurzawa and co-workers proposed a similar strategy to reduce “cross talk” between
adjacent electrodes.145

They demonstrated the effects of “cross talk” on a platinum

microband array by electrodepositing a GOx-polymer film only on one microband to
which the potentiostat was attached. The other microbands were held at open circuit
potential. Then they evaluated the properties of the micro-array by applying 0.6 V to each
electrode in the array using a multichannel potentiostat.145 The response of each electrode
to glucose was recorded. The electrode that was modified with the polymer-glucose
oxidase film showed the highest glucose dependent current with the other three electrodes
showing lower values. The electrode furthest away from the GOx-polymer modified band
showed the smallest current. They determined that the current response at the unmodified
bands is as a result of the diffusion of H2O2 generated at the GOx-modified band electrode.
They visualized this “cross talk effect” using scanning electrochemical microscopy. They
proposed that this “cross talk” effect could be avoided if catalase was entrapped in the
outer layers. Catalase catalyzes the disproportionation of H2O2 to O2 and H2O.149
Silica was electrodeposited on the patterned substrate using the waveform shown in
Figure 58. In this experiment the potential was stepped from 1.0 V to -1.1 V, a potential
where the onset of proton electrogeneration is possible, to a potential where hydroxyl ions
are produced. The potential was held at -1.1 V for 1 second and returned to 1.0 V for 1
second. This process was repeated until the allotted time for electrodeposition was reached.
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1.0 V

T.B.P = P.W= 1 second

-1.1 V

n =1200

Time (seconds)
Figure 58: Potential-time plot in which protons are electrogenerated at 1.0 V and hydroxyl
ions are electrogenerated at -1.1 V
The total time for this pulse experiment was 2400 seconds, while that for direct
chronoamperometry was 1200 seconds. The films were characterized by profilometry and
the step height analyses are shown in Figure 59.

Figure 59: Profilometric step height analyses showing diffusion overlap at adjacent ITO
electrodes when silica is electrodeposited via pulsed and direct chronoamperometry.
Pulsed chronoamperometry and
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Direct chronoamperometry.

The films thickness and extent of deposition of silica between adjacent ITO bands
are comparable for films prepared by direct and pulsed chronoamperometry. This means
that the amount of protons electrogenerated during the waiting period did not react with
enough of the OH- electrogenerated. Hence, it did not have enough impact on the film
thickness or the extent of silica deposition between ITO bands.

4.5.

Conclusion

Silica was electrochemically deposited at patterned ITO electrodes using direct and pulsed
chronoamperometry. Successful patterning of the surface with silica by direct
chronoamperometry was hampered by the extent of silica deposition between adjacent
electrodes. The problem was enhanced when the gap between adjacent electrodes was
small relative to the estimated diffusion layer thickness of the electrogenerated OH-. Other
factors impacting the extent of silica deposition on glass between ITO bands are the total
experiment time and the applied potential. The longer the total experiment time and the
greater the magnitude of the applied potential the greater the extent of silica deposition on
glass between ITO bands.
Deposition of silica by pulsed chronoamperometry was utilized as an attempted
means to minimize the extent of silica deposition on the glass between ITO electrodes, but
this strategy failed. This technique uses a waveform that is comprised of alternating “on”
and “off” periods. The “on” period is called a pulse width and it is over this time interval
that cathodic deposition of silica occurs. At the end of the pulse, the potential is again step
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to its initial value where the “off” period begins and the cycle is repeated until the total
time allocated for silica deposition is achieved. This technique failed because silica
deposition did not stop during the “off” periods, once the catalyst was electrogenerated in
the cell the deposit grew regardless of whether a potential was being applied to the
working electrode or not. The hypothesis that no silica is electrochemically deposited in
the “off” period is correct but once the catalyst is produced at the interface, the rates of
hydrolysis and condensation increase and silica will be deposited whether or not a potential
is applied to the working electrode.
Upon the determination that the total experiment time influenced the amount of
silica electrodeposited, two strategies were used to minimize the extent of silica deposition
at adjacent electrodes. The first strategy involved reducing the total experiment time by
reducing the time between pulses from 10 times the pulse width to 5 times the pulse width
and decreasing the applied potential from -1.1 V to -0.9 V. This strategy failed to minimize
the extent of silica deposition between neighboring ITO electrodes; it was identical to that
produced by direct chronoamperometry. Generation of protons during the “off” periods
was another strategy utilized to minimize the overlap of the diffusion layer but this strategy
was not successful either. In this instance the initial potential is one which is sufficiently
positive to generate protons at the solution electrode surface but not too positive to deplete
all the OH- electrogenerated during the “on” period. The diffusion overlap was not
minimized with this strategy instead it was the same as that obtained via direct
chronoamperometry.
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The possibility of successfully patterning ITO/glass surface with silica via
electrochemical deposition without any chemical modification appears to be low. Silica by
nature is attracted to glass and will adsorb on the glass substrate if the surface physical and
chemical properties are compatible. In addition to this, as long as electrochemical
deposition is time dependent there will a diffusion layer and possibly a diffusion layer
overlap to deal with.
Successful patterning of a substrate via electrodeposition seems to depend on how
the concept of spatial selectivity is viewed. In the work of Payne and coworkers, the
amine-containing polysaccharide, chitosan, was reported as being spatially deposited on
gold bands that have been negatively polarized compared to no deposition on bands that
have been non-polarized.147 In this report, spatial selectivity was defined as deposition of
chitosan on negatively polarized gold bands only. Further experiments were conducted in
which the space between adjacent electrodes (5-1000 µm) was considered. They reported
that good spatial resolution was achieved even when the gap between adjacent bands was
20 µm. In the context of the work presented in this chapter of the thesis, spatial selectivity
is defined more stringently. Spatial selectivity is defined as deviation from sharp vertical
boundaries, not just the “macroscopic” selective deposition of silica on ITO bands.
Soolaman and coworkers have reported that the spatial selectivity of surfaces
patterned with metal oxides via the sol-gel process can be improved via chemical
modification or by manipulating the surface morphology of the substrate.150 In this
approach they patterned gold surfaces with n-alkanethiols (-OH or -CH3 terminated) using
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SAM technology. The n-alkanethiol strips served to passivate the conducting surfaces in
these regions of the substrate and thus block electrodeposition in these areas.150 In future
work chemical or physical modification of glass portion of the patterned ITO/glass
substrate would be applied to successful patterning of a surface with silica using
electrochemical deposition without the problems encountered with overlapping diffusion
layers.
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Chapter 5 Future Directions
The work presented in Chapter 3 of this thesis was focused on the synthesis and
characterization of sol-gel derived silicate films electrodeposited on planar GC and ITO
electrodes.

The first project evaluated what parameters affected film formation and

determined how process parameters influenced the morphology of the electrodeposited
silicate films. The second project presented in Chapter 4 utilized an inherent advantage of
the electrochemical approach, selective deposition on conducting surface, to pattern a
surface with silica. In this experiment a photolithographically patterned ITO-glass
substrate served as the template upon which silica was electrodeposited. It was observed
that the boundaries between silica and glass were not maintained after silica
electrodeposition. Silica was partially deposited on glass. This phenomenon was attributed
to the diffusion of OH- ions away from the electrode surface. As the OH- ions diffuse away
from the electrode surface, they act as catalyst for the hydrolysis and condensation
reactions and silica is chemisorbed on glass due to covalent interactions between surface
hydroxyl groups. Figure 60 shows a cartoon of this interaction.
Chemisorption
from solution
Glass

TMOS

Figure 60: Cartoon showing the chemisorption of silica on the glass portions of the
patterned ITO electrode during electrodeposition.
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It is important for many applications of silica, such as in the fabrication of
semiconductor devices, tissue engineering and miniaturized sensors that patterned surfaces
have clearly defined boundaries. In future work, the partial deposition of silica on the glass
portions of the pattern may be prevented by physically or/and chemically modifying the
surface of the glass portions of the substrate. As an example, parylene C film could be used
to modify the glass portions of the patterned surface, hence preventing deposition of silica
on glass. The structure of parylene C is shown in Figure 61.

n
Figure 61: Structure of parylene C

Parylene C belongs to a family of chemical vapor deposited polymers called
parylene. Parylene C has a unique combination of electrical, chemical and physical
properties which makes its use as a barrier layer in electronic circuits and medical devices
very attractive.151 These properties include low permeability to moisture and other
corrosive gases, electrical insulation, resistance to chemicals such as strong acids and bases
and low solubility in organic solvents except at temperatures above 175˚C. Along with its
ability to provide a true pinhole free conformal insulation, parylene C is stable in air and
vacuum.151, 152
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5.1.

Modifying the Substrate with Parylene

The patterning approach and subsequent deposition of silica on patterned ITO electrode
where the glass portions of the substrate are modified with parylene C are shown below.
Parylene C will be vapor deposited on a clean ITO coated glass slide (2.5 cm x 1.3 cm) to
form a thin film.151 The steps in the photolithographic process are identical to those used in
chapter four except that in this case the pattern is engraved into the substrate via dry
etching with oxygen based plasma as parylene is resistant to the chemicals used in wet
chemical etching.151 Figure 62 represents the steps in the photolithographic process.
Step 1:

Parylene C film
ITO
Glass

Vapor deposit parylene C
on clean ITO-coated glass
with parylene C

Step 2:
Mask
alignment
and exposure
Exposure
Illuminated
Unexposed areas
Parylene
C
areas
Exposure
ITO
Step 3:
Pattern development

Light
Mask
Photoresist
Parylene C
ITO s
Glass
Positive resist:
Rendered soluble

Step 4:
Oxygen plasma etch

Step 5
Dissolve
photoresist
in
acetone and rinse in ethanol

Figure 62: Photolithographic process in which glass portion of the substrate is modified
with parylene C.
133

5.2.

Electrodepositing Silica on Parylene Modified Patterned Substrate

The patterned substrate will be used as the working electrode in the electrochemical
deposition of silica. Silica will not be deposited on the parts of the substrate that is
modified with the parylene C film as parylene C is highly hydrophobic and its surface will
not be wetted with TMOS which is hydrophilic. In addition to this it has no surface
hydroxyl groups, so silica will not be chemisorbed on the surface. Figure 63 shows a
cartoon of silica electrodeposited on the parylene modified surface. Characterization of the
substrate via profilometry should give a profile whose vertical edges are sharp, indicating
that no silica is deposited on parylene C.
OH-

OH-

OH-

Eapplied = -1.1 V
Electrode
immersed in sol

Hydrolysis/
Condensation
H2O or O2 is reduced to
OH- ions at the interface

Silica

Figure 63: Silica electrodeposited on patterned surface modified with parylene C using a cathodic
potential of -1.1 V.
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